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Abstract
This portfolio of work presents an investigation into the behaviour of a number of 
different pipe liner materials that can be used to improve the performance of the 
predominantly cast iron potable water supply infrastructure. A literature review 
was carried out, in order to clarify the most suitable directions for an experimental 
programme.
Accordingly, two key strands of experimentation were developed. Firstly, the 
behaviour of unlined control, two interactive liners and one non-structural liner, 
the behaviour of liners under host-pipe failure was considered. This was done by 
initiating a controlled ring fracture in the host main, in order to assess the ability 
of the selected liners to withstand this event. Secondly, the response of a liner to a 
deformation that occurred after ring fracture was considered. This deformation 
was also carried out on some jointed sections of liner, to give an indication of total 
system performance. Alongside these investigations a series of material 
characterisation exercises were carried out, to determine the microstructure of the 
cast iron, its tensile properties and the creep performance of the polymer liner 
used in the second strand of the investigation. The response of unsupported liner 
sections to applied internal water pressure was also investigated.
Both interactive liners survived the failure criterion applied in the first strand, 
whilst the non-structural liner, as expected, did not. A simple method was 
developed that allowed the bending moment-curvature relationship in a bend test 
to be modelled from tensile data; this gave satisfactory agreement with 
experimental data. In the second strand the liner was found to be able to 
withstand significant deformation (50 mm), for a substantial time period (two 
weeks) without apparent damage, the joints also seemed able to survive the 
application of deformations thought to be representative of the upper limit of 
those found in the UK. Both the observation that liners are able to withstand host- 
pipe fracture and the subsequent observation that they can withstand events that 
may occur afterwards are potentially significant to the UK water industry, offering 
a large number of potential benefits that may be environmental, economic or 
performance related.
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Executive Summary
1. BACKGROUND TO THE RESEARCH
The UK potable water supply network is, in general, made of cast iron pipes. 
These cast iron pipes can be of various diameters and grades of cast iron. 
However, the corrosion and degradation mechanisms experienced by the pipes, 
regardless of their diameter and grade of cast iron are typically similar. The 
underground water supply network, once installed, is likely to deteriorate in 
condition at a rate that will be determined by the complex interplay of these 
degradation mechanisms. Normally, the more of these mechanisms that act on a 
pipe, and the greater their severity, the more rapid the rate of deterioration of the 
pipe will be. In the past the UK water utilities, including Thames Water, have 
relied on a reactive strategy of finding and fixing localised problems, and 
replacement for those mains found to be very badly deteriorated. In the more 
recent past, though, interest and understanding has begun to develop in the use of 
polymeric liners for the rehabilitation of water mains.
The use of liners offers several advantages over the more conventional find-and- 
fix and replacement techniques that have been traditionally employed. Liners can 
often be installed using so-called no-dig techniques. Such techniques, which 
involve minimal excavation of the pipe to be lined, are favoured, since the costs 
associated with open trench excavation are significant. These costs range from 
the tangible; loss of revenue, cost of operations, environmental impact; to the 
intangible; for example negative customer perception. Some of the costs may be 
readily determined, whilst others are less easy to quantify, this is particularly true 
where some subjective assessment is required to allow an accurate estimation to 
be made and is hence of great importance when the environmental impacts bought 
about as a result of relining operations are considered.
There are normally considered to be three different groups of liner systems, which 
utilise three different sets of underlying assumptions. The three liner groups are 
non-structural, interactive (semi-structural) and independent (fully-structural)
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liners. The use of liners began with the non-structural liners. Such non-structural 
liners are typically sprayed on and are predominantly used to improve water 
quality. They are not normally considered to be able to confer any additional 
ability to withstand ring fracture or other such structural requirements that can be 
placed on a water pipe. The next development in lining technology was the 
independent linings, which began with sliplining. These independent, or fully- 
structural, liners are essentially installed using the existing water main as a 
conduit, through which the liner -effectively a new pipe within the old cast iron 
main- is inserted. Such liners, therefore, are effectively a pipe within a pipe, and 
are able to withstand all expected design loads that the host main is subject to, for 
the duration of the design service life. Interactive liners are a more recent 
development than either of the previously mentioned liner types. They are 
designed to be able to withstand any design loads that cannot be withstood by the 
residual capabilities of the degraded cast iron main. The conditions under which 
the non-structural and fully-structural liners may be applied are, in general, fairly 
clear. For non-structural liners, the host cast iron pipe cannot be excessively 
degraded, since the liner is not designed to withstand significant stresses. These 
liners, therefore, are typically used under conditions where the host main is 
structurally sound, but has water quality or similar problems, whilst fully- 
structural liners are used in circumstances where the pipe is badly degraded. The 
principal consideration is whether there is likely to be sufficient residual bore (or 
flow capacity) left in the liner main, once the lining operation is complete. The 
reconnection of lateral connections and other fittings normally requires the 
excavation of access pits to allow the required fittings to be installed. The 
requirement for such access pits adds extra cost, time and disruption to the 
customer to the operation and is hence disadvantageous. The use of semi- 
structural (or interactive) liners, has, to date, been the subject of limited research, 
and is hence less well understood than the other liner groups mentioned.
Due to the difficulties that can be associated with both independent and non- 
structural pipe liners, and the issues related to repair and replacement, the potable 
water supply industry is reviewing the alternatives to these methods. In common 
with other large water suppliers, RWE-Thames Water is seeking to use research 
and development to solve operational problems. The research presented in this
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portfolio considers the behaviour of interactive liners under a variety of structural 
requirements that might be experienced during their service life. Their behaviour 
is assessed experimentally and theoretically, before being compared and 
contrasted against the assessments of other researchers.
2. AIMS AND OBJECTIVES OF THIS RESEARCH
At the outset of this project the key aim was to determine the extent to which 
interactive, leak-proof pipe liners can be applied to the RWE-Thames Water 
supply network in both the UK and overseas.
This key aim allowed a series of principal research objectives to be developed.
• The existing liner systems that could be applicable in the water supply 
network to be identified and assessed.
• The studies that have been undertaken to date to be assessed, with a view 
to identifying potential new avenues for research.
• To develop a series of experiments to evaluate the performance of selected 
liners under mechanical loading conditions that have not yet been 
evaluated, but that are considered likely to occur around the water supply 
network.
• To determine whether the mechanical loading conditions that were 
experimentally investigated can be allowed for under existing design 
methodologies and explain the results obtained from a theoretical 
standpoint.
3. STRUCTURE OF THE RESEARCH
The portfolio of work presented is divided into a series of stages, each of which 
progresses the research towards the key aims and objectives outlined in the 
previous section.
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In the first stage of the research a literature review was carried out, with three 
main aims. Firstly the possible causes of host main failure were assessed. 
Secondly, the different available liners were identified and investigated. Thirdly, 
the state-of-the-art of research into interactive liners was established; this enabled 
the experimental investigations to be effectively targeted to meet the research 
needs. The main outcome of the literature research was the identification of an 
appropriate criterion for the first stage of mechanical testing. Alongside this, 
three different liner systems were identified for investigation in the first stage of 
mechanical testing. It was also discovered that although much work had been 
carried out into modelling so-called gap spanning and hole bridging criteria, no 
work had yet been carried out to determine the behaviour of liners under the 
dynamic conditions that might precipitate the formation of such gaps and holes.
The literature demonstrated that some research had been carried out into different 
interactive liners, and that some basic design criteria had been proposed. 
However, data on the performance of the liners under conditions of mechanical 
failure of the host main were not present. The first stage of mechanical testing, 
therefore, considered the behaviour of liners under a typical failure event. The 
failure event chosen was a ring fracture of the cast iron host main. Ring fracture, 
or circumferential failure, is a common mechanism of failure for pipes in the 
diameter range of interest in this research. The ability of the liners selected to 
survive this criterion was evaluated using a series of bend tests, combined with 
other tests to determine the underlying behaviour of the materials under 
consideration.
Once the first stage mechanical testing had been completed and fully analysed 
second series of mechanical tests were carried out. These considered the 
behaviour of the lined pipe under conditions that might occur following ring 
fracture of the host main. The stress condition chosen was a so-called shear 
displacement of the host main, and was chosen as it can be applicable in both UK 
and overseas circumstances, dependant upon the rate of application of the 
deformation. The analysis of the results of the two sets of experimental data 
allows the applicability of the existing design protocols under circumstances other 
than those for which they were developed to be assessed.
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4. SURVIVABILITY STUDIES
4.1 Introduction
The use of different lining technologies is an established means of improving the 
performance of the water network. The distribution network, which consists of 
water mains in the diameter range 3-6 inches, is known to fail predominantly 
under circumferential fracture, due to bending. The causes of bending loads on a 
pipe are many. Although there are many established lining technologies, covering 
non-, semi-, and fully-structural practices, their performance is only well 
understood under long-term static conditions, such as internal water pressure. 
Their behaviour under more dynamic loading conditions, such as flexural failure, 
had not been systematically investigated until this project.
4.2 Methodology
As indicated above, no research had been carried out that systematically 
considered the behaviour of liners under conditions that can cause the formation 
of gaps and holes. In this stage of the work, four different configurations were 
chosen for investigation. The three liners chosen were one non-structural liner, 
epoxy resin lining; two interactive liners, Plusliner and Subcoil with the fourth 
configuration being an unlined control. Brand new cast iron pipes were obtained 
and lined with each of the liners. New pipes were selected since they were 
considered to be likely to have less variable results and were more cost effective 
than pipes exhumed from the ground. These were subsequently tested to failure in 
a four-point bending geometry, to determine their ability to withstand the flexural 
failure criterion. Some pipes were filled with water under 10 bar pressure, whilst 
others were not. This simulated the effect of the increased level of interaction 
between the host main and the liner that would be bought about by applying an 
internal water pressure. The effect of corrosion causing deterioration in the 
residual strength of the cast iron host pipe was simulated by the introduction into 
the wall of a circumferential notch.
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Alongside determining the ability of the liners to survive the flexural failure, it 
was also necessary to assess the cast iron pipes used in the investigation. They 
were examined metallographically, using optical microscopy. Tensile test pieces 
were machined from sections of the cast iron pipes. These were then used to 
assess the behaviour of the material under monotonie tensile loading. The 
knowledge of the tensile behaviour was then used to develop a model to predict 
the bending moment-curvature response of cast iron pipes in bending.
4.3 Summary of Results from Survivability Studies
Metallographic analysis of the pipe material showed that the brand new pipes used 
in the investigation had a microstructure that was typical for a grey cast iron. The 
graphite was present in acicular formations and rosettes, typical of horizontally 
cast materials. The tensile testing showed it to behave in a non-linear elastic 
manner, which is also typical of some cast irons. At failure, it was discovered to 
have undergone some plastic deformation.
The four-point bending geometry utilised in the flexural tests was shown to be 
able to bring about host main failure in a controlled, repeatable manner. The 
subsequent tests demonstrated that introducing a notch into the external wall of 
the cast iron pipe had the desired effect of reducing the load, and hence the stress, 
required to fracture the pipe. The non-structural liner, as expected was found to 
conform fairly closely to the results obtained with the unlined control, in that 
neither system was able to retain water following the fracture. This was the 
expected outcome. The interactive liners, however, performed encouragingly. 
Taking the absence of leakage to constitute a survival criterion, both the Subcoil 
and Plusliner lined pipes were found to survive the induced host main failure. 
The Subcoil was largely undamaged by the failure, whilst the Plusliner showed 
some evidence of ‘pinching’, assumed to occur when the unrestrained fracture 
surfaces of the pipe moved immediately following fracture. In service 
underground this movement would be prevented by the soil surrounding the main, 
and hence this effect is not considered an issue for pipes in service. The presence 
of applied internal water pressure was found neither to improve nor impair the 
ability of a liner to withstand the applied host pipe failure. Similarly, the applied
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water pressure was not found to significantly affect the measured failure stress of 
the host pipe in bending. It is therefore taken that the effects of internal water 
pressure can be disregarded for such conditions. However, they may not be 
disregarded following host pipe failure, when a gap may have formed between 
two failed pipe halves and creep may be established in the liner pipe, across any 
gap that has formed.
The previously undiscovered observation that interactive liners are able to 
withstand host-pipe failure is potentially of great significance for water companies 
that compete in both the UK and the overseas markets. In the UK market it is 
likely to lead to increased take up of interactive liners, since one of the barriers to 
their use has been the lack of understanding of their performance limits, 
particularly under dynamic conditions. This work increases the level of 
understanding of the behaviour of interactive liners; and more, it demonstrates 
that a host pipe failure during service will not necessarily lead either to liner 
failure, or to service problems.
A model was developed that allowed the bending moment-curvature response for 
a pipe in bending to be developed from the response of material test pieces to 
tensile loading. This increased understanding of the behaviour of pipes in 
bending is likely to be important in the future, when liners are used more 
frequently and more detailed models exist to predict the performance of lined 
systems.
5. POST FAILURE MECHANICAL TESTING
5.1 Introduction
The first stage of mechanical testing demonstrated that the interactive liners are 
able to survive ring fracture of the host main. In the second phase of mechanical 
testing, therefore, it was decided to explore the behaviour of one liner system 
more fully. The Subcoil liner system was chosen for this second stage of 
mechanical testing. Alongside testing the host pipe/liner system the liner material 
was also evaluated. There the liner material was evaluated in two principal ways.
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Firstly, the performance of coupons of liner material was evaluated under 
conditions of tensile creep. These data were used to compare the behaviour of the 
Subcoil liner with the behaviour of nominally identical material studied in the 
literature. Secondly, unsupported sections of liner material were subjected to a 
constant applied water pressure in order to establish creep conditions. This was 
carried out to determine that the behaviour of the liner under creep conditions was 
comparable to that of the tensile creep specimens discussed in the literature and 
earlier in this section.
In the final stage of mechanical testing carried out in this project, a loading 
condition that could occur following ring firacture was selected and evaluated. 
This ‘shear-type’ deflection was applied in three ways. In the first method the 
shear displacement was applied slowly and held, whilst in the second the 
displacement was applied more rapidly and the liner subsequently pressurised to 
failure. Alongside this assessment of the liner behaviour an investigation into the 
behaviour of the joints used to join liner sections in service was carried out. This 
entailed applying the same shear displacement as above across a jointed section of 
liner.
5.2 Methodology
Before the final shear investigation could begin, it was necessary to characterise 
the response of the liner to the conditions that were relevant to the service 
performance of the liner under the shear displacement. Consideration of the 
loading environment that would be experienced under shear displacement in 
service resulted in two criteria being assessed as critical to understanding the 
service behaviour of the liner. These two criteria were the tensile creep behaviour 
of coupons of liner material, and subsequently, the behaviour of sections of liner 
pipe under constant applied internal water pressure.
The creep behaviour of coupons was evaluated under conditions of tensile creep. 
The coupons were taken from sections of liner. The samples had a constant load 
applied, corresponding to a constant stress level. The stress levels considered 
were chosen to correspond with values that had been assessed in key work
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identified in the literature. The extension of the test pieces was measured using 
strain gauges. In a further set of experiments the behaviour of unsupported 
sections of pipe liner was assessed. This was done by sealing both ends of a 
section of liner and applying a known, constant water pressure. Under these 
conditions the creep response of the liner was then measured using strain gauges 
mounted in both the longitudinal and hoop orientations.
The response of the liner/host-pipe system to a shear deflection was assessed 
using a purpose built rig. As indicated above, two principal modes of deflection 
were assessed. The first mode was analogous to a situation that could occur under 
UK conditions. A slow displacement was applied up to a deflection equal to half 
of the internal diameter of the water main. During this displacement and for one 
million seconds afterwards a constant water pressure of 10 bar was applied, this 
allowed time for the liner to develop a regime of creep deformation. The aim of 
this aspect of the testing was to develop some understanding of the long-term 
behaviour of the liner under the shear condition. In the second stage of the testing 
a more rapid form of displacement was applied, in conjunction with pressurising 
the liner to failure, upon reaching the maximum desired displacement. This gave 
an indication of the manner in which creep deformation would act over time, and 
also gave some indication of the ability of such liners to withstand loading 
conditions that occur more rapidly, such as may be experienced in an overseas 
seismic environment.
In addition to studying the behaviour of the liner, a number of investigations were 
carried out on joints that are used during the interactive lining operation. These 
essentially involved applying a shear displacement across a jointed section of 
liner. In comparison with the unjointed liner sections, the jointed liner allowed 
for a degree of articulation and hence much greater shear displacements could be 
considered in this phase of work. As in the short-term shear tests mentioned 
above the displacement was applied and held, until either the liner failed, or two 
weeks elapsed.
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5.3 Post Failure Mechanical Testing -  Results
Whereas the first stage of mechanical testing concentrated predominantly on the 
behaviour of the liner and the interaction between the liner and the host main, the 
second stage of mechanical testing was focused more squarely upon establishing 
the performance of the selected liner under simulated service conditions.
The tensile creep performance of the Subcoil liner material was found to 
correspond well with that observed for similar material in the literature. This 
meant that the behaviour of the two materials is comparable, and, potentially, that 
the models derived in the literature studies of Boot and co-workers (Boot et a l 
1996, 1999) may be able to be tailored to allow for prediction of behaviour under 
circumstances other than those for which they were originally developed. It was 
also determined that the behaviour of a pipe under creep loading conditions and a 
tensile creep specimen under monotonie loading can be compared. The 
differences in the behaviour and the relation between the hoop creep accumulation 
and the accumulation of longitudinal creep accumulation were qualitatively 
explained.
The long-term shear tests demonstrated that Subcoil is generally able to withstand 
shear deflections of the sort applied in this work. The liner was only found to fail 
under loading when sharp re-entrants, referred to as ‘tangs’ in the literature (Boot 
et a l, 1996) were present. It was shown that the liner was able to withstand a 
deflection of 50 mm for a time of approximately 12 days (one million seconds) 
without failing, or displaying any form of apparent degradation. The fact that this 
was under an applied pressure that was atypically large for the water industry 
gives further encouragement to the good result obtained in this part of the study. 
It is believed that the exceptional performance of the liner under such shear 
loadings, coupled with the results from the first stage mechanical testing, which 
showed the ability of interactive liners to withstand host-main ring fracture, ought 
to permit the use of interactive liners to become more widespread in the near 
future, particularly in the UK market.
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The subsequent short-term shear tests demonstrated that the liners are able to 
withstand the same level of deflection as applied in the long-term tests even if it is 
applied an order of magnitude (lOx) faster. This situation was analogous to a 
more rapid movement, more appropriate to that found in a seismic region than to 
that found in UK soils. The likely behaviour of the Subcoil under long-term post 
shear creep deformation in service was assessed by ramping the pressure up and 
monitoring the response of the liner as it failed. It was discovered, as expected, 
that the liner was pulled away from the host-main under the action of the shearing, 
referred to as peel-back. However, it was found that as pressure increased 
(analogous to time progressing) the liner tended to move into a closer contact with 
the host main along a greater length, allowing it to become supported by the host 
main again. This observation is extremely significant, since it means that the 
principal limits on the performance of a liner in service under shear conditions are 
its ability to survive the initial displacement, which will lead to it peeling back 
from the host main wall, and its ability to subsequently withstand the creep 
deformation that will allow it to again become supported by the host main over 
time.
Finally it was found that the electrofusion couplings used in joining such liners 
are able to withstand the shear deflection criterion as well, this gives faith in 
interactive liners as an industrially applicable system, as well as purely a liner.
6. CONCLUSIONS
The main conclusions presented in this portfolio are as follows:
1. Interactive liners have been identified as having a great potential for future 
application in the water industry both in the UK and overseas.
2. The environmental benefits that could result from such use are potentially 
considerable and could include:
a. Reduced loss of treated water from the network.
b. A reduction in the amount and extent of streetworks operations due 
to the employment of trenchless technologies.
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c. A reduction in the amount of material used in the water network, 
including valuable and finite oil resources from which the 
polymers used in water pipes are manufactured.
3. Two interactive liners have been shown to be able to withstand a ring 
fracture of the host-cast iron water main. This is a significant outcome, 
since it is the first time a rigorous and methodical study has considered the 
behaviour of liners under such conditions.
4. It was shown that the non-structural liner considered was unable to 
withstand the same ring fracture failure criterion.
5. The ability of the interactive liners to withstand the ring fracture was 
found to be unaffected by the presence of both applied water pressure and 
simulated corrosion damage.
6. A model that relates the tensile performance of a cast iron sample to the 
performance of a pipe in bending was developed.
7. Following the success of the interactive liners in the ring fracture tests, the 
Subcoil liner was selected for further evaluation under conditions that 
could occur in the host main following ring fracture.
8. The post ring fracture criterion chosen was a shear displacement across a 
notional fracture plane.
9. The Subcoil liner was found to be able to withstand both short-term 
(relating to overseas seismic events) and long-term (relating to the more 
typical UK service circumstances) conditions.
10. The ability of the fixtures and fittings used in lining operations to 
withstand the same deformation was also evaluated. This demonstrated 
that these electrofusion fittings were able to withstand deflections similar 
to those that the liner is subjected to.
11. A series of tensile creep tests carried out on sections of liner material were 
carried out. These were complemented by a series of tests on unsupported 
lengths of liner material.
12. These tests that evaluated the liner showed that the liner material 
examined, which is nominally identical to material studied in the literature, 
behaves similarly to that material under similar stress environments. This 
is considered to be an important outcome as it allows:
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a. The existing models proposed in the literature to potentially be 
applied to other materials, if an adequate understanding of their 
constitutive properties is available.
b. The existing models to potentially be applied to circumstances 
other than the gap-spanning and hole-bridging criterion to which 
they are currently applied. The concept of an equivalent 
unsupported length has been proposed to allow for this.
7. RECOMMENDATIONS FOR FUTURE WORK
The work presented in this portfolio shows that there are three main areas that 
require further consideration in order that interactive liners can become used more 
in service than they currently are:
1. More liners should be studied in greater depth. In particular, it would be 
of great interest to determine the response of other liners such as Rolldown 
and Cempipe to the ring fracture criterion in the first half of the work. In 
addition, the conditions that occur after failure could be further 
investigated, in order to consider issues such as stress concentration 
(around ‘tangs’, for example), the effect of protruding ferrules and also the 
effects of unexpected variations in diameter of the network on liners.
2. In order to allow for the more accurate measurement of the peel-back 
phenomenon, which is likely to be of great importance in determining the 
applicability of existing design criteria, it may be useful to utilise Perspex 
or another transparent material as the host main, to allow for more 
effective observation of the liner under loading.
3. The condition assessment methodologies that are used should be 
developed to allow for the different methodologies of lining available. At 
present a lot of energy is being expended determining to what extent the 
pipes in the network are degraded. In order to allow greater use of lining 
technologies it would be of very helpful if condition assessment 
understanding was extended to consider both the liner and existing 
infrastructure.
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8. Publications
A number of publications have arisen as a result of this work, these are presented 
in appendices 1 to 4 of this document. Two of the papers were published at a 
peer-reviewed industry conference, in consecutive conferences. The remaining 
two were published in peer-reviewed journals. The four papers were:
1. Crunkhom, B.B., Smith, P.A., Mulheron, M. and Whiter, J.T. Examining 
the Behaviour o f Semi-Structural Pipe Liners. Presented at the eleventh 
Plastics Pipes Conference (Plastics Pipes XI), Munich, 2001.
2. Crnnkhorn, B.B., Smith, P.A., Mulheron, M. and Whiter, J.T. Examining 
the Behaviour o f an Interactive Pipe Liner Under Conditions that May 
Occur Following Ring Fracture o f the Host Main. Presented at the 
twelfth Plastics Pipes Conference (Plastics Pipes XII), Milan, 2004.
3. Crnnkhorn, B.B., Whiter, J.T., Ham, A., Mulheron, M. and Smith, P.A. 
Assessing the Ability o f Interactive Pipe Liners to Withstand Host-Pipe 
Failure. Journal of Water Supply: Research and Technology -  AQUA.
53.5 2004.
4. Crnnkhorn, B.B., Smith, P.A., Mulheron, M. and Whiter, J.T. Behaviour 
of an Interactive Pipe Liner Under Conditions that May Occur 
Following Ring Fracture o f the Host Main. Plastics, Rubbers and 
Composites: Macromolecular Engineering - accepted, awaiting
publication.
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1. INTRODUCTION
1.1 Thames Water Utilities
1.1.1 Historical Background
The growth and stability of any large population depends critically upon the 
supply of clean potable water to all its members. In the UK, the rapid growth of 
urban populations over the past 200 years has placed particular pressures on water 
supplies, and continues to do so today. As cities developed, the number of houses 
increased and more densely packed communities evolved; a need for clean, safe 
drinking water developed alongside. The first serious attempts at creating a 
potable water supply network date from some 200 years ago (O'Shea, 2000). 
These systems were formalised during Victorian times, leaving the present society 
with a legacy of an extensive water supply network, largely of cast iron 
construction.
Throughout the operating period of the modem potable water supply network, i.e. 
at least the last 150 years, there has been a general under-investment in the upkeep 
of the system. The lack of attention paid to maintenance of the water supply 
infrastmcture during its lifetime is probably partly because much of this 
inffastmcture is subterranean and hence is out of sight and so out of mind, and 
also because its performance was not considered to be an issue, though it is now. 
A poor understanding of the long-term degradation characteristics of cast iron, as 
a result of corrosion, and its subsequent consequences for ongoing performance 
did not help matters. As a result most maintenance has concentrated on correcting 
obvious defects, such as pipe bursts, which influence the immediate supply needs 
of the consumer rather than on the long-term needs of the system as a whole.
The continual under-investment in the water supply and treatment network, led 
Central Government in the UK to act in 1989. By privatising the water industry it 
was hoped that a proper level of investment could be achieved, especially with the 
government continuing a certain level of stewardship via the Office of Water 
Services, Ofwat, the industry regulator. Prior to privatisation the UK water
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industry consisted of a number of regional, public sector concerns. Upon 
privatisation, these regional concerns were sold off and became private 
companies, operated for profit. The principal aim of this process was to enable 
new EU legislation to be met, latterly the focus has shifted to encouragement of 
network improvement. As indicated above it is fair to say that, in the pre­
privatisation era, investment in water industry maintenance was limited. This 
trend of carrying out only reactive work, rather than preventative maintenance, led 
to the network reaching the state it is currently in. All is not negative though, 
despite such a long time in service, much of the network remains serviceable. On 
the other hand, however, there are areas that have been, and continue to be, 
problematic.
It is the responsibility of a modem water company, such as Thames Water, to 
supply safe, clean drinking water in a cost effective manner. At the same time 
improving the overall quality and reliability of an ageing water supply network, 
which it manages . Given the wide range of age and condition of the potable 
water supply network (hereafter referred to as the network) and the limited funds 
available a principal difficulty is the identification of both what to do and more 
specifically where to do it. This requires the development of a suitable 
maintenance strategy for the network as a whole, and this strategy must 
incorporate both reactive measures and also pro-active one, if it is to succeed and 
continually improve the network.
LL2 The Potable Water Supply Network
The UK potable water supply network is a complicated system made up of water 
treatment plants, reservoirs, pumps and pumping stations as well as the 
infrastmcture associated with buried pipes. The main issue of concem in this 
thesis is the condition of the buried pipe network, and how that condition can be 
maintained and improved. In the water industry, it is usual to separate the pipes 
that comprise the network into three different groups, based primarily on their 
function and diameter. The three categories of water main are:
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1. Trunk Mains: Trunk mains are the water industry equivalent of a 
motorway, they are used to convey very large volumes of water over long 
distances. Any pipe which has a diameter of greater than 300 mm (12 
inches) is usually defined as a trunk main.
2. Distribution Mains: Typically, distribution mains run along most streets, 
sometimes accompanied by a trunk main. The purpose of distribution 
mains is to take water from a trunk main and to supply it, via a service 
connection, to individual properties along a particular street. The typical 
diameter range for distribution mains is 75 mm to 300 mm (3 inches to 12 
inches).
3. Service Connections: This group comprises any water main that runs from 
a distribution main to the property of a customer. The typical diameter 
range for a service connection is 6 mm to75 mm (0.25 inches to 3 inches).
The above definitions are true for the water supply network, which consists of 
pipes that operate under significant pressure (typically up to 10 bar). The 
wastewater network, which is operated largely under gravity, has larger diameters 
and the pipes or conduits used in it are classified differently.
For Thames Water, as for other water companies, the distribution mains network 
makes up by far the greatest proportion of the buried potable water infrastructure. 
Thames Water is responsible for some 32,000 km of water mains, of which 
around 90% are distribution mains (Dixon, 2000). This means that in order for 
Thames Water to have a significant impact on supply issues, such as water 
leakage rates, it will be necessary to invest significant resources in the distribution 
network. This necessary investment in the distribution network must be carried 
out alongside similar work on the other aspects of the network for the greatest 
benefit to be realised.
Historically, the first water pipes were made of hollowed out tree boles, and were 
used to supply those that could afford the luxury of running water, in the early 
19th century. These, though, were not networks in the modem understanding of 
the term, since they covered only small areas. The key problems with the wooden 
pipes were leakage and longevity. In the middle of the 19th century, a more
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concerted effort began to be made towards supplying drinking water to everyone, 
not just the wealthy. This necessitated the development of networks that were 
capable of supplying many properties reliably. The first of such water networks 
were constructed from lengths of sand-cast grey iron pipe, jointed using a 'spigot 
and socket' type joint packed with fibrous material and hemp caulk and sealed 
with lead, as shown in Figure 1.1. This type of connection is also known as a 
"lead-run joint". It is of note that approximately 50% of the water supply network 
currently managed by Thames Water was installed over 100 years ago and 
consists, essentially, of this type of construction and in London over 30% of the 
network is older than 150 years.
Figure 1.1 Typical cast-iron main with a lead run spigot and socket joint.
It is the age of the existing infrastructure, coupled with an under-investment over 
almost the entire operating life of that infrastructure, that is the principal cause of 
the problems that face much of the water industry in the UK today. Although 
many of the pipes that were installed over a hundred years ago still retain 
significant functionality, there are a significant number that do not. As a 
consequence maintenance strategies to deal with this situation must be developed 
by water companies, in order to ensure that customer service levels are maintained 
to their current high standards.
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Since it is buried underground, the water supply network is likely be subjected to 
many different forms of degradation: These include corrosion, third party damage 
and ground movement. Over the long service lives of water mains, the influence 
of these effects will lead eventually to some type of service problem. This might 
take the form of leakage from a corrosion hole, a burst main, poor water quality 
due to internal corrosion or excessive maintenance costs due to persistent 
occurrences of any or a combination of these factors.
In order to off-set this degradation and in doing so to maintain service at the 
required levels it is necessary for the company managing the network to act in 
some way. Operations that are carried out by a water company to maintain 
service levels are called "rehabilitation" operations. Rehabilitation is an umbrella 
term, which covers 'any operation carried out on a water main to improve its 
functional performance' (Elzink and Gumbel, 1991). This may include cleaning, 
repair, replacement, or renovation.
1.1.3 Thames Water
Thames Water is part of the RWE group of companies, having been acquired in 
the year 2000. RWE is a German concem, presided over by RWE AG, the 
holding company. RWE itself is primarily interested in the utilities sector, with 
interests in the gas and electricity market as well as an ongoing programme of 
expansion into the water sector. The acquisition of Thames Water in 2000 was 
part of this strategy of global expansion. Upon acquiring Thames Water, RWE 
became the third largest water company in the world, behind two French 
companies, Vivendi and Lyonnaise des Eau. Prior to merging with RWE, Thames 
Water already had a significant global presence, with operations in Chile, 
America, Indonesia and Australia. A strong overseas presence is potentially 
important to any UK water company, since it enables the company to develop and 
maintain unregulated business. The term unregulated indicates that whilst the UK 
operations of all water companies are regulated by Ofwat, overseas operations are 
not. The fact that overseas operations are unregulated by Ofwat means that
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Thames Water are able to provide better value to their investors by viture of an 
increased size of global operation.
Thames Water is the largest water company in the UK, with a customer base of 
around 8 million for potable water supply and 12 million for wastewater services. 
The regulator (OfWat) controls all aspects of the performance of a water company 
with the aim of providing a defined level of service to the end customer. In order 
to ensure that the level of performance is consistently maintained and improved 
and that companies are carrying out appropriate, fit-for-purpose maintenance 
work, a periodic review is carried out every five years. This periodic review 
divides business operations into five-year periods known as asset management 
plans (AMPs). Currently the industry is in AMP4, which runs from 15-20 years 
following privatisation; this will be superseded in 2010 by AMP5. At the moment 
Thames Water are spending large amounts of time and effort negotiating with 
OfWat, in order to ensure that the decisions made by the regulator are achievable 
and do not adversely affect the company. The regulator can set targets for 
improvements in service parameters; such as leakage levels, number of bursts or 
the incidence of poor water quality.
In AMPs 1,2 and 3 the principal focus of the regulator was on improving water 
supply quality, and ensuring that the water supplied to the tap of the consumer had 
appropriate composition. This led to a proliferation of rehabilitation techniques 
that were able to minimise the impact of a corroding network on water quality, but 
that did little or nothing for water leakage rates and other issues. In the current 
determination, however, the principal focus is on reducing uncontrolled water 
leakage from the underground infrastructure of water companies. It is currently 
very difficult to put an exact figure to the levels of water leakage. Whilst it may 
seem simple to the layperson to determine leakage levels by subtracting the water 
consumed from that produced, it is not that straightforward. In practice, there are 
several factors which mean that the true water leakage level cannot be accurately 
estimated in this way. These are factors such as fire hydrants (which are often un­
metered), un-metered supplies and illegal service connections. All water used by 
the fire service is supplied free of charge, and in a city the size of London this 
represents a considerable volume. Un-metered supplies are a carryover from the
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pre-privatisation era, when homes were charged for water consumption at a rated 
level based on factors related to property size and number of rooms, rather than on 
the actual amount of water consumed. The shear size and complexity of the 
potable water supply network managed by Thames Water makes any exact 
determination of service parameters such as water leakage levels extremely 
difficult.
Since the next regulator determination is likely to call for large reductions in 
water leakage, it is necessary for companies to have a suite of rehabilitation 
options available in order to meet the targets set by the regulator. These options 
must be viable both financially and environmentally.
In the current climate, there is a great encouragement towards using 'low-dig', or 
'no-dig' technologies when carrying out rehabilitation operations. These terms 
refer to the amount of trench excavation required in order to carry out the 
operations. In practice, since much of the water network is subterranean, it is 
impossible, using current technology, to carry out maintenance or rehabilitation 
work without excavation. There are, though, a number of drivers that have lead 
the industry to attempt to minimise excavation. Increasing landfill taxes, for 
example, act as a driver for minimising excavation, since excavation spoil is 
typically sent to landfill. Other drivers include lane rental, whereby a company 
that digs a hole may have to pay a 'space rental charge' for the area that it has to 
cordon off whilst work is ongoing. The cost, purely in man-hour terms, of 
excavating a hole is also high, and hence even without the legislative drivers 
mentioned above, the water industry would be striving to reduce excavation 
levels. It seems likely therefore that the use of low-dig technologies will increase 
in the future, probably with significant benefits to water companies that use them. 
One benefit that might result is increased profit, due to reduced operating costs. 
Other potential benefits that may occur are improved public perception, a 
reduction in loss of treated water and significantly improved environmental 
performance, leading to a more sustainable water supply in the future.
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1.2 Environmental Benefits
1.2.1 Thames Water and the Environment
In the Marshall report, published in 1998, the water industry was identified as the 
third most energy intensive industry in the United Kingdom, accounting for more 
than 2% of the total annual UK energy consumption. As the largest of the UK 
water companies, Thames Water is also the largest consumer of electricity, with 
an annual consumption of some 999,000 MWh in the financial year 2000/2001, at 
a cost of £35 million. To some extent this is off-set by energy produced by 
Thames Water through their Sewage Sludge Powered Generators (SSPGs); these 
generated some 124,000 MWh of electricity during the same period. Thames 
Water is the largest producer of energy in the UK water sector. In the same 
period, Thames Water emitted greenhouse gases with a C02 equivalent of 
approximately 1.32 million tonnes. The largest proportion of these emissions is 
associated with wastewater treatment, and hence this is where the biggest 
potential savings exist. At such high levels of emissions, any small savings made 
in percentage terms will translate to large reductions in practice.
One of the main goals of this work is to improve the performance of the company 
from an environmental perspective. Specifically, this work aims to encourage 
greater use of interactive liners in the future, with resultant environmental 
benefits. The following sections outline how the environmental benefits of this 
work to the UK potable water supply activity are spread around different aspects 
of the operation of the company. The aspects to be considered are water supply, 
water treatment and streetworks operations.
1.2.2 Water Supply
The water supply side of the UK business consists essentially of a network of 
pumping stations, sealed reservoirs, the Thames Water Ring Main, and of course 
the network of around 32,000 km of water supply pipes.
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The environmental impacts that result from these operations are significant. As 
noted already the principal environmental impact resulting from this stage of 
operations is carbon dioxide (CO2) emissions associated with energy use. Around 
30% of the electricity consumption of Thames Water is due to pumping. Whilst it 
is impossible to calculate an exact figure, it is likely that a large proportion of this 
energy consumption is a result of heavily encrusted mains (with correspondingly 
reduced flow capacity) and also the necessity of pumping more water than 
required to satisfy demand, since there will be losses on the way due to water 
leakage. By using lining operations in a more focused way, Thames Water can 
expect to reduce energy consumption due to pumping and so reduce the 
environmental burdens associated with this energy consumption. This is because 
using lining technologies will lead to an improvement in the hydraulic capacity of 
the main. Furthermore, depending upon the techniques used, and the extent to 
which they are employed, there is scope also for reducing water loss due to burst 
events and leakage.
1.2.3 Water Treatment
The water treatment operations of Thames Water are extensive. There is a 
network of almost 100 water treatment facilities, which make all abstracted water 
fit for distribution to customers via the supply network. The water treatment 
network also consists of various surface reservoirs, that are used to store water 
prior to treatment and distribution
The water treatment operations account for some 19% of the total electricity 
consumption of Thames Water (Thames Water Annual Report). The principal 
energy requirement for this section of operations, as with the clean water supply 
network is pumping, which accounts for 87% of the energy used during treatment 
activities.
The increased use of pipe lining technologies, with resultant decreases in burst 
events and water leakage levels would mean that a smaller volume of water is 
required to satisfy the same level of demand. Therefore using liners can
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contribute to a reduction in the electricity used in this part of the operations of 
Thames Water. This reduction in electricity would lead to a proportionate 
reduction in CO2 emissions since the two are directly related.
L2.4 Streetworks Operations
In the case of both the water supply and the water treatment sections of the clean 
water business, the environmental improvements as a result of adopting the lining 
approaches under investigation in the current work arise from a lower electricity 
consumption. However, with regard to streetworks operations this is not the case. 
When maintenance work of any description has to be carried out, Thames Water 
is a very evident presence on the highways of the South East. This is bemoaned 
by many campaigners against traffic problems in London and around its outskirts. 
Clearly any measures that reduce the extent, quantity and visibility of the 
streetworks operations of Thames Water would benefit the image of the company 
greatly.
From an environmental standpoint streetworks are undesirable. They can create 
dust and they are noisy. They also cause road lanes to be closed, leading to 
greater quantities of stationary traffic, potentially leading to locally increased air 
pollution and an increase in total C02 emissions. Furthermore, the trenching and 
excavating operations that are required generally lead to large quantities of spoil 
being deposited to landfill. The transport steps necessitated in getting the spoil to 
the landfill sites involve heavy goods vehicles (HGVs) which in themselves are 
very polluting; moreover, there is consequently less landfill space available for 
materials for which landfill is the only option. Finally it is noted that a large 
proportion of the streetworks currently undertaken are a direct result of the 
reactive approach to leakage reduction that has historically been employed by the 
UK water industry.
By employing a greater proportion of liners, as opposed to the conventional 
techniques that are currently employed, such as reactive repair, the amount of 
streetworks carried out by Thames Water could be reduced, not only in quantity,
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but also in extent. This would have significant knock-on environmental benefits. 
Lower amounts of spoil to landfill, less pollution due to traffic problems and less 
noise pollution to local residents would all result from increased use of liners, 
particularly interactive liners.
1.3 Aims of Current Project
The main reason for the low take-up in use of interactive liners to date, despite the 
many identifiable benefits associated with employing them, is lack of confidence 
in the technology within the water industry. Accordingly, the principal aims were 
as follows:
1. To carry out a literature review to determine experimental work that may 
be carried out in order to improve confidence in interactive liner systems.
2. To devise, and carry out, a series of test programmes to enhance the level 
of understanding of the service behaviour of interactive liner systems
3. To relate new data to existing design methodologies, in order to maintain 
continuity of selection and design approaches within the water industry.
4. To demonstrate the viability of interactive lining to the water industry and 
hence to precipitate increased use of such liners with the associated 
benefits both to the company and to the environment.
1.4 Structure of Document
This portfolio of work is structured across two volumes. Volume I consists of a 
standalone thesis, with the four published papers that have arisen from this work 
included as appendices. Volume II contains the six monthly reports that are the 
basis of the EngD research programme, from which the arguments central to the 
overall thesis are drawn. The contents of volume II are not essential reading in 
order to fully understand the work presented here. The reader is directed to 
explore volume II only to derive a sense of the order in which the work alluded to 
in the main thesis of volume I was carried out.
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2. LITERATURE REVIEW
2.1 Introduction
The aim of this chapter is to critically review the available literature relevant to:
1. The properties of cast iron materials used to produce water pipes, and the 
factors affecting the service life of such pipes.
2. Available rehabilitation techniques for the maintenance of degraded water 
pipes using pipe lining, including structural and non-structural techniques.
3. Predicting the service lives of interactive liners.
There are many different areas from which relevant material may be found. In 
this work the information has come from four sources; published, peer-reviewed 
scientific literature; trade literature, which was often specific to a particular 
technique; books; and finally standards, which may be national standards, or 
industry standards.
Specifically, the literature research has concentrated on investigating three main 
areas of interest outlined above. Firstly, the properties and degradation 
mechanisms of cast iron have been reviewed with respect to their type. Secondly, 
the various liner technologies available have been reviewed, since at the 
beginning of the project there were no prejudices regarding which liners would be 
selected for investigation. Thirdly, the knowledge and understanding of the 
behaviour of interactive (semi-structural) liners under service conditions, has been 
critically reviewed. The results of the literature review have been used to both 
inform and guide the design and implementation of the experimental work 
outlined in chapters 3-6.
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2.2 Cast Iron in the Water Industry
2.2.1 Types o f Cast Iron and their Properties
2.2.1.1 Background Information
The UK water supply network is predominantly composed of cast iron. The water 
network we have today was installed in a piecemeal fashion, over a significant 
time period, as cities and society developed. The existence of a variety of types of 
cast iron, with differing initial and degraded properties, within the network, is a 
reflection of technological advances made during the installation period. 
However, other factors, such as cost and availability are also thought to have 
significantly influenced installation practice in the past. It is also necessary to 
consider the effect that economic considerations might have on the operation of 
the network. For example there is apocryphal evidence that during World War II 
there were a series of poor quality repairs made to bomb damaged mains, and also 
that the quality of the cast iron used, where replacement was required, was not as 
high as would have been desired, or technically feasible, given other 
circumstances.
There are essentially four types of ferrous material to be found in the clean water 
distribution network. The four materials are, in order of increasing mechanical 
properties and hence decreasing as-installed wall thickness; grey cast iron (which 
may be horizontally cast or vertically cast (pit cast)); spun grey iron; ductile iron 
and steel. In this work it is mainly the grey cast irons that are of interest. It is 
thought that the different materials were installed in differing periods of time, as 
technology advanced. The spinning process for cast iron manufacture, for 
example, is widely thought to have become commonly used in the 1920s (Makar 
and Rajani, 2000), therefore if a pipe is found, upon metallographical 
examination, to be of spun iron, then it is not likely to have been installed before 
1920. The knowledge of what materials were available at different times is 
therefore a useful indicator of the likely age of an asset.
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Cast iron is essentially an iron-carbon alloy containing other important elements, 
such as silicon, manganese, sulphur and phosphorus, either by design or as 
impurities (Angus, 1976). These additional elements can markedly modify both 
the structure, and hence also the properties of the cast iron, depending upon their 
relative proportions in the overall composition. The basic equilibrium phase 
diagram for iron and carbon is given in Figure 2.1.
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Figure 2.1 The equilibrium iron-carbon phase diagram, after Angus, 1976.
There are many different varieties of cast iron; the two main types are white and 
grey cast iron. The terms white and grey reflect the characteristic colour of the 
fracture surface of the two materials. The cooling rate during the casting 
operation and the level of phosphorus and silicon are the principal factors that 
determine whether a cast iron is grey (containing graphite flakes), white 
(containing iron carbide) or mottled (a mixture of grey and white) (Angus, 1976). 
In general, the greater the cooling rate during solidification, the greater the 
tendency for white iron to form. Therefore, as water mains were typically large
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volume, thick sand castings, grey cast irons were commonly formed. The type of 
cast iron formed is also dependent upon the presence of silicon and phosphorus. 
In general, the more of these elements are present in the melt, the greater the 
propensity for a grey iron to form. The form the graphite takes in the final cast 
iron microstructure is essentially unchanged by the cooling rate from 
solidification to room temperature (Angus, 1976). This is influenced more by the 
presence of other elements (particularly silicon and phosphorus) in the melt.
Of the cast irons commonly found in the water network the oldest are vertically 
and horizontally cast grey iron pipes, followed by the spun grey iron pipes and 
later the ductile iron pipes. (Dempsey and Manook, 1986). Grey cast irons 
typically have graphite in the form of fiakes and needles and are characteristically 
brittle in nature. However, as indicated above, cooling rate and composition 
influence the final graphite morphology; these factors coupled with the age of the 
pipe and the presence of any defects will also influence the failure behaviour. 
Ductile cast irons are characterised by a spheroidal graphite morphology and a 
higher strength than grey cast irons, and as their name implies they can exhibit 
significant ductility prior to failure.
2.2.1.2 Vertically-Cast and Horizontally-Cast Grey Irons
Grey cast iron water pipes were manufactured in one of two ways, and pipes 
manufactured by both methods are still found in the network today. The first 
form of grey cast iron pipes used in the network were horizontally cast grey iron.
The horizontal casting process involved the preparation of a mould, or several 
moulds in a pit, into which molten cast iron was then poured. The same sand 
moulding process was later used vertically.
Vertically cast grey iron pipes are the thickest of the cast iron pipes in the 
network, this is because they have the lowest minimum material strength required 
by their relevant standard, and can therefore be considered to be the weakest pipes 
in the network. Thus, in order to provide sufficient resistance to typical service
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conditions, it was necessary to manufacture them to high wall thickness. 
According to BS 78 - 1938, the tensile strength for a pipe that is to be used to 
transport water should be not less than 138 MPa (10 tons/in.2) and a 4 inch 
nominal internal diameter pipe should have a wall thickness of 10 mm (0.39 
inches (0.06 inches). Analysis of pipes taken from service suggests that a 100 mm 
nominal internal diameter pipe typically has a thickness of about 8-12 mm 
(Dempsey and Manook, 1986).
In the horizontal casting operation, a mould was made, usually from sand, and 
subsequently filled with molten iron. A core formed the internal bore and this 
was sometimes held in place using "chaplets", which ended up forming an integral 
part of the structure of the material. The chaplets used were typically circular 
pieces of cast iron or steel that were intended to prevent the core from moving 
excessively during pouring and solidification of the melt. Due to the temperatures 
involved, there was a significant opportunity for the core to soften, and hence to 
deform. This, along with the chaplets and the necessity of manufacturing the 
mould in two halves to facilitate removal of the casting has lead to a number of 
characteristic defects being found in horizontally cast pipes. These include 
uneven wall thickness, mould lines and seams, chaplets and sometimes an 
eccentric bore. Since these were the first pipes manufactured and installed, it 
follows that they are also the oldest, often over 100 years old (Dempsey and 
Manook, 1986, Makar and Rajani, 2000). The pit casting process was used during 
the majority of the nineteenth century.
2.2.1.3 Centrifugally Cast (Spun) Grey Iron
After vertically cast grey iron, the next form of cast iron to be used was spun grey 
cast iron. This was characterised by a regular wall thickness and similar 
properties to vertically cast grey iron. The spinning process is generally 
considered by the Water Industry to have become common in the late 1920s 
(Makar and Rajani, 2000).
EngD Portfolio -  Volume I 16
Benjamin B. Crunkhom Literature Review
Spun grey cast iron pipes are typically thinner than their vertically cast 
counterpart. This is a result of the fact that the centrifugal casting process used in 
manufacturing them results in a finer microstructure and hence superior 
mechanical properties. BS 1211:1958 states that a spun cast iron pipe should have 
a tensile strength of not less than 193 MPa (14 tons/in.2), and a wall thickness of 
7.6 mm (0.3 inches -0.03 inches + 5%). Analysis of pipes taken from service 
suggests that a typical spun iron pipe of 100 mm nominal internal diameter has a 
thickness of 6-9 mm (Dempsey and Manook, 1986).
2.2.1.4 Ductile Iron
The final form of cast iron that is commonly found in the network is ductile iron. 
Ductile iron pipes are of significantly higher strength than spun and vertically cast 
irons, and as a consequence were generally manufactured with much thinner 
walls.
BS EN 545:1995 states that ductile iron pipes should have a tensile strength no 
lower than 420 MPa (30.5 tons/in.2) and a wall thickness of 6 mm (0.24 inches). 
Investigation of pipes in the field suggests that a typical ductile iron pipe of 
nominal 100 mm outside diameter has a wall thickness of 4-8 mm (Dempsey and 
Manook, 1986).
This difference in wall thickness is one way that different pipe types may be 
identified in the field. This is useful because the records of which pipes are 
installed in particular locations are often incomplete and in some cases are non­
existent. Ductile iron is generally considered by the Water Industry to have been 
installed into the network from the late 1960s onwards.
It is generally accepted within the Water Industry that due to their low wall 
thickness ductile iron pipes, are more susceptible to perforation by corrosion than 
grey cast iron pipes, which are thicker. Fuller (1972), though, contradicts this, 
concluding in a review of available data that the rate of corrosion drops more
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quickly with time for ductile iron than for grey cast iron and therefore, on average, 
a ductile pipe should outlive a grey iron pipe of equivalent wall thickness.
2.2.2 Factors Affecting the Service Life o f Cast Iron Pipes
The service life for cast iron water mains is thought to be dependant upon the type 
of cast iron, the soil type it is buried in and also upon the physical loadings that 
are experienced by the pipe during its service life (Makar, 2000; Lei and Sægrov, 
1998; Needham and Howe, 1984; Rajani and Kleiner, 2001, (a) and (b); Makar 
and Rajani, 2000, O'Shea, 2000). Whilst many pipes within the Thames Water 
region will comfortably exceed their intended design lives, or have already done 
so, it is necessary to have an understanding of their residual life, prior to any 
renovation. The residual life is the total lifetime of a given pipe minus the 
current, correct age of the pipe. In order to determine the residual life it is 
necessary to understand the causes of pipeline degradation. An understanding of 
the deterioration mechanisms of a cast iron pipe is key to ensuring that the 
appropriate, fit-for-purpose, rehabilitation solution is selected.
The factors that can affect the service life of main can be divided into physical and 
chemical factors. Physical factors are those such as soil loading, traffic loading, 
third party interference or perhaps seismic activity (particularly in overseas 
situations). Erosion of the internal bore of the main due to the scouring action of 
the flowing water can also be considered a physical factor. Chemical factors are 
those such as corrosion and microbial activity, which may increase the rate of 
degradation of the main. There are also circumstances such as tuberculation, 
where a chemical factor (in this case, corrosion), may influence a physical 
characteristic of the main (flow rate), or vice versa.
2.2.2.1 Corrosion
One of the main causes of degradation of the cast iron portion of the potable water 
supply network is aqueous corrosion of the pipe. The extent and type of corrosion
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of cast iron may vary in many ways, due to the age of the cast iron network, the 
fact that ferrous materials readily corrode in many different environments and the 
fact that the nature of a water pipe network leads to an exposure to many different 
corrosive environments. The severity of corrosion attack is dependent on a 
number of factors, including the rate controlling mechanism. The reasons for this 
might be due to the rate at which the corrosion occurs, or to some other aspect, 
such as the formation of a sharp corrosion 'pif which can act as a stress raiser. 
Corrosion of water pipes may be split into internal and external corrosion. Due to 
the large number of factors that can influence aqueous corrosion, it is not possible 
to give a typical corrosion rate for either internal or external corrosion, but by 
assessing the extent of corrosion, and the time taken for it to occur (i.e. the age of 
the pipe), it is possible to calculate the local trend for an exhumed pipe section, 
this is the basis of current condition assessment tools (Evins et al., 1989).
Internal corrosion may affect the service life of the main, the flow characteristics 
within the pipe, the pressure at the customer outlet and the water quality. Water 
quality is defined not only in terms of its chemical composition, but also in terms 
of its aesthetic characteristics, such as taste, colour and odour. Typical internal 
corrosion mechanisms are general (uniform) corrosion, tuberculation and erosion- 
corrosion, although leaching of iron into the water supply and microbial effects 
can also cause problems. The rate of internal corrosion is strongly influenced by 
the properties of the water being transported. The tendency of a given water to 
promote corrosion is dependent upon its chemical properties; such as pH, 
alkalinity, dissolved oxygen, total dissolved solids, and its physical properties; 
temperature, flow type (laminar or turbulent, and velocity (Volk et al., 2000; 
AWWARF, 1985).
External corrosion mainly affects the service life of the main, and its propensity to 
fail, it has little bearing on the quality of the water supplied. The main forms of 
external corrosion that may occur are general corrosion and pitting corrosion. 
Encrustation and the locking of lead run joints are also thought to be problematic 
for the distribution network (O' Shea, 2000).
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A further corrosion mechanism that is of particular relevance to cast iron water 
mains, and can proceed both from the inside and outside of a pipe is 
graphitisation. Graphitisation, or graphitic corrosion (AWWARF, 1985) involves 
the leaching of the iron from the cast iron leaving behind an interconnected 
network of graphite flakes, this process can lead to a reduction in strength and 
also to excess iron concentration in the customers water supply.
The types of corrosion that are experienced at a given point on the network are 
dependent upon the conditions at that point. Factors such as microbial activity (in 
particular, the presence of sulphate reducing bacteria), soil type and the type of 
cast iron present will all impact on the type and rate of any corrosion present. The 
next sections discuss in detail the different forms of corrosion that may affect a 
cast iron main.
a) Internal Corrosion Mechanisms
General Corrosion General corrosion can affect both iron and steel
pipes internally. In essence the reactions that drive this form of corrosion are 
dependent upon the composition of the water being carried within the pipe. For
example a typical cathodic reaction that may occur is the reduction of hydrogen
ions and electrons to produce a hydrogen molecule. In the case of water mains 
this reaction can often be discounted, since the pH of potable water is required to 
be within a pH tolerance of 6.5-10 by the Water Supply (Water Quality) 
Regulations 2000. However, regardless of the prevailing pH of the water, there is 
generally a suitable cathodic reaction available, as shown below.
2H^ + 2e —> H2 Acidic
O2 + 4H+ —> 2 H2O Acidic
O2 + 2 H2O + 4e -> 4 (OH ) Alkali
The steady loss of wall thickness over a large area that is typical of general 
corrosion does not, alone, often lead to pipe failure, since other more localised 
mechanisms normally cause failure first. Therefore this mechanism is only really 
of importance under circumstances where the pipe is experiencing limited
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mechanical loading and hence the principal requirement placed upon it, 
structurally, is to withstand the internal water pressure of the supply.
Tuberculation Tuberculation (Figure 2.2) is where tubercles form
over an area of local attack (e.g. a pit). These tubercles consist of an outer shell of 
iron oxides and hydroxides (AWWARF, 1985), which may contain softer 
corrosion products within. Tuberculation forms only on the interior of the pipe 
and is often responsible for significant loss of internal bore, resulting in 
deterioration of the hydraulic characteristics of a main. Tuberculation may result 
in a decrease in further corrosion, due to the reduced oxygen content in the 
tubercle. However, this reduction in oxygen concentration, may provide an 
environment in which sulphate reducing bacteria can flourish and prolong 
corrosion. Tuberculation must be removed from the main before any relining 
technique may be used. This is not always simple however, since these tubercles 
can be extremely hard, sometimes being impossible to remove by hand, even with 
a hammer and chisel. However, machines are available that are able to remove 
such encrustation, though they represent a very aggressive means of cleaning, as 
discussed later. The levels of tuberculation shown in Figure 2.2, on a 100mm (4- 
inch) diameter pipe are an extreme example and would normally be found in 
conditions particularly conducive to pitting after a significant period of exposure.
Figure 2.2 Water main section showing extensive tuberculation on the internal bore.
Erosion-Corrosion Erosion-corrosion is an acceleration in the rate of
corrosion attack in metal due to the relative motion of a fluid and a metal surface 
(Trethewey and Chamberlain, 1995). Erosion rates can be increased by anything 
that causes increased turbulence in the fluid flow, such as pitting or tuberculation
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on the internal bore of a pipe. The problem may be exacerbated by man-made 
features such as joints and ferrules, particularly where these protrude into the 
main, upsetting smooth water flow, causing localised turbulence and high flow 
velocities. The combination of erosion and corrosion can lead to extremely high 
local rates of corrosion. The rate of erosion-corrosion is dependent upon the 
speed of fluid flow (Neville et al., 1999), and also the type of fluids present, 
especially the presence of solids in the fluid. Another way in which erosion- 
corrosion may occur is if a corrosion product is formed that has a poor adherence 
to the pipe wall. This film will then be continually reformed and washed away, 
leading to rapid progress of future attack (O' Day et al., 1987). This mechanism is 
likely to operate with particular severity under circumstances where a high level 
of fluid flow is present, such as occurs inside a water main.
Iron Leaching Selective leaching (or dealloying) of iron from a
cast iron is a common problem amongst grey irons in particular. The removal of 
the iron from the material in a localised manner can lead to the onset of 
graphitisation, and also to problems regarding water quality. The level of iron in 
water is restricted by law to 200 pg Fe/1 (The Water Supply (Water Quality) 
Regulations, 1989), meaning that the leaching of iron could prove problematic 
with the large proportions of cast iron that are present in the UK network. Iron 
leaching is particularly likely to cause problems with iron concentration in the 
water in network areas where flow (and hence dilution) is limited by the presence 
of valves or a 'dead-end' connection. The failures that are caused by iron leaching, 
excepting those where it is a precursor to graphitisation will generally be failures 
on water quality grounds, rather than structural or hydraulic failures. Iron uptake, 
or leaching, is related to a number of factors (AWWARF, 1985), such as chlorine 
levels (possibly exacerbated by the use of chlorine as a residual disinfectant in the 
UK) and sulphate levels. The most common failure resulting from iron uptake is 
red water, due to excessive iron concentrations, rather than pipe structural failure. 
This means that one effective method of solving problems that relate to iron 
leaching, is to use a non-structural liner, such as epoxy resin lining. Such liners 
provides an impermeable barrier between the water being transported and the host 
main, such that leaching into the main is prevented. The second way in which 
iron leaching may affect the performance of a water main is to cause a reduction
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in the structural strength of the main, this reduction in strength might be localised, 
or it might be general.
Microbial Corrosion Despite the use of chlorine as a residual disinfectant
in the water supply network, it is still possible that microbial corrosion may 
proceed within a water main. This may occur at 'niches', regions where the 
microbes are shielded from the disinfectant, such as inside tubercles or in cracks 
within the pipe wall (AWWARF, 1985). The bacteria Gallionella Ferruginea is 
known to act within tubercles, leading to locally increased corrosion rates. 
Bacteria can also act outside a tubercle; Gallionella and some sulphate reducing 
bacteria are capable of acting in this manner. Sulphate reducing bacteria can 
produce respiratory by-products that enhance corrosion locally, by increasing the 
oxidation potential in a region. In terms of microbial activity it is the surfaces of 
corrosion products, such as encrustation (tuberculation) or general films that lead 
to the development of corrosion by microbes. The presence of bacteria in 
tubercles can lead to the development of high corrosion rates and thus pitting 
corrosion is often associated with microbial corrosion, particularly around other 
forms of corrosion such as tubercles. Apart from causing some forms of 
microbial corrosion, bacteria within a system can also cause biofilm growth, 
within the water network. A biofilm is composed of bacteria, held in place by a 
polymeric matrix (Hallam et al., 2001). These biofilms can exert a chlorine 
demand and hence reduce the effectiveness of the residual chlorine disinfectant, 
potentially leading to health risks to the consumer.
b) External Corrosion Mechanisms
The main forms of external corrosion that can affect the water supply network are 
discussed below.
General Corrosion When acting on the outside of a water main, the
ways in which general corrosion may proceed are more complex than within a 
water main. This is because a larger number of factors can influence the corrosion 
process externally, than are available internally. As well as the presence of an 
aqueous environment, which, in contrast with the internal bore is not of regulated
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pH and composition, there may be more bacteria, other factors such as stray 
currents from electrical sources, and also a variety of different soil types (O' Shea,
2000). The influence of such diverse factors means that the external corrosion 
mechanisms are more complex in terms of the number of discrete interacting 
factors. The soil type is known to be of critical importance from a general 
corrosion perspective. Soils that tend to retain water in their structure, such as 
clay soils, are known to be more corrosive to cast iron than other types of soil, 
such as sandy loam, which drains well. The fact that London is predominantly 
built on clay, therefore, leads to increased degradation rates for the Thames Water 
network, in comparison with networks in other soil types. The soil type can also 
lead to the formation of 'paths of least resistance' for drainage of any soil borne 
contaminants that might be present. In this way, a pipe buried in clay, but 
properly backfilled, might act as a conduit for the transport of contaminants in the 
ground water or soil, if these are also harmful to the pipe, then this too can lead to 
problems.
Pitting Corrosion Pitting occurs when there is a large change in
potential difference over a small area. This leads to the formation of a large 
cathode, with a small anode electrically connected to it, and may result in very 
high corrosion rates. Pitting often occurs where a protective film of some 
description, such as epoxy resin lining, has been applied to help prevent general 
corrosion. If the protective film develops discontinuities or cracks (known as 
"holidays") then rapid local corrosion can occur at the unprotected surface. 
Pitting is self-accelerating (i.e. autocatalytic) due to local rises in acidity within 
the pits and is usually associated with the presence of certain ions, typically 
chloride and sulphide, in the corrosive environment. Therefore, the fact that 
chlorine is used as the residual disinfectant in UK water networks means that in 
some instances pitting can be accelerated by the presence of the chlorine. The 
local rate of anodic dissolution is much greater in pitting corrosion than in general 
corrosion, meaning that pitting proceeds more rapidly than general corrosion and 
hence is more likely to lead to failure. However, the failures that are caused by 
pitting are likely to be of a more local rather than a global nature and hence local 
repairs (such as repair clamping) can sometimes be effective as a means of dealing 
with such issues. It is important to realise, though, that if a pipe has been shown
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to be prone to pitting, this tendency might exist along the entire length and hence 
local repairs may only prolong the inevitable failure.
Graphitisation Graphitisation (Graphitic Corrosion) occurs when
the anodic leaching of iron from the cathodic graphitic matrix results in its 
substitution with a residual, porous graphitic corrosion product; this leads to a 
reduction in effective wall thickness due to the lower strength of the graphitised 
product (Yamamoto et al., 1983). In water pipes both internal and external 
graphitisation may occur, particularly where soil chemistry is of an aggressive 
nature. Any corrosion mechanisms will also be subject to the influence of 
microbiological activity. Graphitisation can proceed with no evident change in 
dimensions of the material, from either the interior or the exterior of the main. 
Interestingly, it is possible for a section to be fully graphitised and still not leak 
(Evins et al., 1986; UKWIR, 1999). The graphitised residue is of low mechanical 
strength, however, and is prone to sudden failure if water pressure changes, if  the 
supporting soil moves or vibration from overhead traffic increases; it may also be 
porous, although this is not necessarily the case (UKWIR, 1999; Fuller, 1972; 
Regan and Speare, 1981). Graphitisation may occur in a general layer, or in plugs 
through the wall thickness, and may also be produced in regions where the pipe is 
stressed in tension, producing transverse cracks which may then propagate to 
become ring fractures, this is known as graphitic fissure corrosion (Fuller, 1972; 
Regan and Speare, 1981).
2.2.2.2 Service Loads
The effect of service loads that are experienced is less well understood than the 
effects of corrosion. Service loads are physical phenomena, although, as already 
indicated, they may be exacerbated by chemical attack, as, for example, in 
graphitic fissure corrosion. The sources of these loads are many, and their impact 
on residual life is only beginning to be understood.
Physical loads can be caused by the soil conditions the pipe is in, for example clay 
soils shrink and swell as their moisture content changes, this will lead to a flexural
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load being applied along the pipe as the dimensions of the soil change with time. 
Aside from soil conditions, factors such as traffic loading and third party activity 
can also cause loads to be applied to a pipe, leading to related stresses. The 
seasonal variation of water temperature, and soil temperature is also known to 
have an effect on the residual stresses in a pipe, with the number of burst events 
experienced by a utility rising in the winter and spiking during cold snaps (Cocks,
2001). Figure 2.3 shows this effect graphically.
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Figure 2.3 Seasonal variation of water temperature and number of burst repair jobs 
raised.
The final possible cause of physical loads is installation effects. These might be 
related to improper installation, such as poor backfilling, leading to stress build­
ups. Another possibility is the introduction of residual tensile stress by the pipe 
being installed on a warm day and subsequently being locked into position by 
installation. Due to the thermal expansion coefficient of the iron, it expands with 
increasing temperature and hence, upon cooling, cannot contract to its former 
length, leading to the introduction of tensile stresses along the pipe. A typical 
value for the coefficient of thermal expansion for a cast iron is 10-12 x 10-6 
(Angus, 1976). In a PhD thesis, O'Shea assumes a temperature differential of 20
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°C, a Young's Modulus, E, of 110 GPa for the cast iron and calculates that for a 
thermal expansion coefficient of 11x10-6 the induced thermal stress is 24.2 
MPa. This is in addition to the loads experienced by the pipe on a day-to-day 
basis.
The next sections discuss the service loads that can be experienced by a pipe and 
their severity.
a) Soil Type
Although a detailed discussion of the relationship between soil type and physical 
loading lies beyond the scope of this thesis; this section explains the possible 
interactions that may occur.
As already indicated, a soil that has a propensity to shrink and swell, such as clay, 
may bring about flexural loading in a pipeline, particularly if the pipe traverses 
from one soil type to another. This loading may be exacerbated in certain 
circumstances, for example if the ground is prone to freezing. The issue of frozen 
soil is not one that is a major concern to the UK water industry, since even in 
northern parts the climate is relatively temperate. However, in more harsh 
weather conditions, particularly in parts of North America, the action of 
ffost/thaw cycles cannot be ignored.
In the UK, though, and in London in particular, it is typically the presence of clay 
that is the principal cause of physical loading on pipelines. As the fine clay 
particles attract water to themselves during a wet spell, they swell, creating both 
compression and possibly also flexure in the pipe, depending upon the extent to 
which the pipe is surrounded by the soil. O'Shea (2000) states that the types of 
soil that cause the most damage to building foundations, and hence also to pipes 
are the expansive clays. Much of London is built on clay and hence its pipes are 
at particular risk from the effects of clay soils, which apart from being more 
physically damaging are also generally more corrosive. The effects of soil 
swelling are also discussed by Needham and Howe (1984), who suggest that 
differential expansivities between soil types can lead to the formation of bending
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and shearing forces in the vertical plane of a pipe. This is represented 
schematically in Figure 2.4.
Soil L evel After W etting 
Soil L evel Before W etting
Sandy Soil Clay Soil
----------------------------------Pipe Centreline After W etting
 PIpg Centreline Before W etting
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Figure 2.4 The effect of shrlnk-swell soil loading on a buried pipe.
This is significant for two reasons, the first is that such loads might be responsible 
for a pipe failing in bending. However, as discussed later, if a pipe has been lined, 
and subsequently fails in bending, there is a chance that the pipe might also 
experience shear deflections in the plane of failure. The behaviour of pipes and 
liners under such conditions has not yet been investigated methodically.
b) Traffic Loading
The traffic loading aspect of loading of buried infrastructure is not very well 
understood. Many models have been developed to try to account for the effect of 
traffic on water mains, but due to the difficulty of instrumenting a pipe during 
service, it has never been possible to accurately determine the loads developed on 
a buried pipe due to the action of traffic. There are two main types of traffic 
loading, static loading, which occurs when a vehicle is stationary and dynamic 
loading, which occurs when a vehicle drives over a buried main.
The types of force developed and their levels depend upon many factors. These 
include the behaviour of the vehicle, the type and quality of installation of the 
backfill and also the depth to which the pipe is buried and the position of the 
traffic relative to the axis of the pipe. Taking firstly the behaviour of the vehicle, 
the variations that are possible due to this arise from acceleration or braking 
forces, which affect the force applied to the ground by the vehicle during motion, 
cornering and the shifting of loads may also have an effect. For example, under
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braking a vehicle tends to 'nose-dive', and hence the front wheel force increases 
(Needham and Howe, 1984). The type and quality of the backfill surrounding the 
pipe is also of critical importance regarding traffic loading. Good backfill will 
tend to spread any load across a pipe, whilst poor construction practice can lead to 
load concentrations and hence an increased probability of failure. It is possible 
for vehicles to apply load to a road, and hence subsequently to a soil, both whilst 
stationary and also under the dynamic conditions of a moving vehicle. It has been 
demonstrated in work carried out by the Transport Research Laboratory (Crabb 
and New, 1994) that the forces under dynamic conditions may be up to twice 
those experienced under static situations. As discussed above, this would then 
lead to a high incidence of such forces and hence of failures around junctions and 
other braking zones. In practice the presence of traffic loading is unlikely to be 
the sole cause of pipe failure, as explained by O'Shea (O'Shea, 2000), who states 
that pipes buried under roads have greater protection from traffic loading 
compared to those buried under soil only, but that neither condition alone induces 
sufficient stress to result in pipe failure. O'Shea also states that traffic loading 
causes minimal effect when a pipe is laid in good bedding.
c) Soil Heave Loadings
Soil heave loading has traditionally been attributed to two main sources. The first 
is the swelling and shrinking of soils under increasing or decreasing moisture 
contents. The second is the action of ffeeze-thaw cycles, due to the 4% expansion 
of the volume of water as it transforms from the liquid to solid state. According 
to a number of sources in the literature the loading induced by soil heave can be 
significant (Makar, 2000; Rajani and Kleiner, 2001; Razaqpur and Wang; 1996). 
The extent to which soil heave phenomena are experienced by a pipe apart from 
being dependent upon water is also dependent upon the propensity of the soil-type 
concerned to heave. O'Shea suggests that clean sand and gravel soils remain 
essentially unchanged in their structure during a freezing process, only changing 
by the 4% expansion of the water. Finer soils, though, are more susceptible to 
developing frost heave, since they allow for the formation of ice lenses, and also 
the presence of a 'front' of frozen soil which progresses down into the ground with 
time, creating forces as it does so. Razaqpur and Wang (Razaqpur and Wang,
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1996) have suggested that there are three principal differences between a thermo- 
mechanical soil-pipeline interaction of the sort that is caused by low temperatures 
and the usual mechanical interaction that is caused for example by the traffic 
passing above a pipe. The first of these is differential movements of soil due to 
frost heave of the soil, which are themselves a result of heat transfer, moisture 
migration and water phase changes in the freezing soil. The second difference is 
the variation in mechanical properties of the soil due to the frozen soil being far 
stiffer than the unfrozen soil. The third key difference is that frozen soil is able to 
undergo significant levels of creep when compared to unfrozen soils, these creep 
strains result in the formation of additional stresses and strains on the pipeline. 
For the reasons given above, they state, the modelling of the soil-pipeline 
interaction in a freezing soil is an extremely complex operation. However, due to 
the prevailing weather conditions in the UK, this condition is unlikely to occur 
with any significant frequency.
d) Third-Party Activity
The effect of third party activity is very difficult to gauge. Although it is likely 
that repeated excavation and subsequent upheaval of the environment around a 
pipe can only be detrimental to the lifetime of the pipe. The obvious impact of 
third party operations is where a direct interference is made on a main, such as 
might occur if another utility company were to drill straight through an existing 
water main. However, the construction and backfilling of adjacent trenches can 
also have an effect, by creating forces on nearby water mains. This has been 
documented by among others, Makar and Rajani, 2000; Lei and Saegrov,1999 and 
Needham and Howe, 1983.
e) Installation Effects
Installation effects are poorly understood, in terms of their specific contribution to 
the load required to break a pipe. Broadly, though, they are factors such as poor 
jointing, improper backfilling, or even installation on a particularly hot day. Each
of these factors is able to act as a stress raiser on a water main and hence can
contribute towards failure of a pipe. If jointing is poorly carried out, then there is
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a chance that the flexibility of the joints may be lost, either immediately, or over 
time, this can lead to the pipes being less able to move within the ground in order 
to relieve stresses or loads placed upon them. In this instance there is a chance of 
an increased bending moment being experienced across the pipe, with a 
subsequent increase in the risk of the pipe failing, particularly if it has been 
weakened in other ways, for example by corrosion. Locked joints can also be 
exacerbated by the presence of heavy encrustation on the outside of the main, 
since this can prevent it sliding through the soil, leading to an increased 
propensity for stress build up.
The second possible installation factor that can lead to difficulties is improper 
backfilling (both underneath, around and above the pipe. The role of the backfill 
is to enable loads being transmitted from the surface above to be dissipated as 
much as possible around the pipe through the adjacent soil. However, if the 
backfill is poorly compacted, not installed at all, or installed improperly, then the 
loads experienced by the pipe are likely to increase, correspondingly increasing 
the risk of ring fracture of the main. A further issue that is related to the use of 
backfilling materials can occur if the backfill is improperly installed or becomes 
washed away by a leak on the main. If there is a void in the backfill under the 
pipe this will result in an unsupported length of main. In the absence of support it 
is more difficult for the pipe to transfer any loads it experiences into the 
surrounding environment, this leads to a greater risk of damage in an unsupported 
area. Figure 2.5 shows this effect schematically.
Void
Figure 2.5 Schematic representation of an unsupported length caused by a void 
beneath the pipe.
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Finally, there is a third phenomenon, that of 'hot-day' installation. In this 
mechanism, it is proposed that the pipe is installed on a hot day, when its bulk 
temperature may be up to 50 °C greater than typical soil temperature. Due to the 
thermal expansion coefficient of the cast iron, there is a chance that upon burial, 
the material will generate 'locked-in' tensile stresses, as it attempts to contract on 
cooling to ambient soil temperature. The presence of such residual tensile stresses 
(which could reach 50 MPa, according to work by O'Shea, 200) will lead to an 
increase in the likelihood of failure occurring during the lifetime of the pipe, and 
may also increase the severity of the effect of the seasonal variation in water 
temperature, mentioned earlier.
In order for a water utility to combat the issues raised by the degradation of its 
cast iron network, it is usual to employ a variety of rehabilitation techniques. The 
use of rehabilitation techniques is discussed in the next section.
2.3 Rehabilitation of Water Mains 
2.5.7 Introduction
Ever since the late 1960s and the advent of sliplining (a technique where a 
polymer liner is winched through an existing pipe to give a new flow path), there 
has been an interest in developing pipeline renovation (also called rehabilitation) 
techniques using polymers. These techniques began as low technology options, 
such as butyl coating, cement mortar lining and also sliplining. However, as 
interest grew, the number of available technologies grew correspondingly. There 
are now many different techniques and a need has developed for these techniques 
to be standardised, such that classification is more straightforward. The first 
attempts at developing standards for rehabilitation began in the 1990s (Elzink and 
Gumbel, 1994). The ideas of Elzink and Gumbel have now become accepted as 
the international standards for pipeline renovation, captured in the draft standard 
entitled Plastic Piping Systems for the Renovation of Underground Supply 
Networks (EN 13689, 2002). The parts of this standard that are relevant to the 
potable water network activities of interest in this work are parts 1 and 3, which
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deal with generalities regarding the standard and the use of close-fit liners 
respectively.
The standard is important for two main reasons. Firstly, there has been a tendency 
for the terms renovation, rehabilitation and relining to have become 
interchangeable. This issue has been addressed by BS EN 13689:2002 and 
standard definitions now exist for all relevant terms. Secondly, the huge variety 
of available lining technologies required standardisation and classification to help 
prevent confusion amongst water utilities and contractors, due to the many 
available alternatives being commonly known only by their trade names.
As already indicated, the new standard is important in order to clearly define the 
different activities carried out on a pipeline system. In the remainder of this 
paragraph, the relevant definitions from BS EN 13892:2002 are highlighted. A 
pipeline system is defined as 'an interconnecting pipe network for the conveyance 
of fluids'. Rehabilitation, which is still sometimes used in the industry as a catch­
all for lining operations, is now defined as 'all measures for restoring or upgrading 
the performance of an existing pipeline system'. Renovation is defined as 'work 
incorporating all or part of the original fabric of the pipeline system by means of 
which its current performance is improved'(i.e. lining). Similarly, replacement is 
defined as 'rehabilitation of the existing pipeline system by the installation of a 
new pipeline system, without incorporating the original fabric'. Maintenance is 
'keeping an existing pipeline system operational without the installation of 
additional fabric', and repair is 'rectification of local damage'. Furthermore, 
within the category of liners, there are two more definitions of interest. The term 
independent pressure pipe liner refers to any liner 'which is capable on its own of 
resisting without failure all applicable internal loads throughout its design life', 
whilst the term interactive pressure pipe liner refers to any liner 'which relies on 
the host pipe for some measure of radial support in order to resist without failure 
all applicable internal loads throughout its design life'. These two types of liner, 
independent and interactive, were formally known as fully-structural and semi- 
structural, and are referred to as such, elsewhere in this portfolio of work.
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In the next three sections, the different types of liner are considered. In each case 
a brief discussion of the features that are common to each member of that liner 
family is given, this is then followed by more detailed analysis of individual 
techniques.
2.3.2 Non-structural Techniques
2.3.2.1 Introduction
Non-structural lining, is a means of applying a continuous liner to the internal 
bore of a host main, without significantly affecting its internal cross-sectional 
area. This can result in increased fluid flow rates and a more efficient network, in 
terms of energy required to transport water around the network. Furthermore, 
using non-structural liners can also improve the aesthetic qualities of the water, 
such as its taste and odour. The liners can act as barriers between the internal wall 
of the cast iron host main and the water being transported, resulting in reduced 
incidence of corrosion, both in terms of general corrosion, and also in terms of 
more intense attacks, such as pitting and erosion-corrosion.
Before any liner can be installed, however, it is first necessary to clean the host- 
pipe, the cleaning operation is typically carried out using either rack-feed boring 
or drag scraping, and is described in greater detail in section 3.2.2.1.
Non-structural techniques may only be used where the host-pipe is in an 
essentially "as new" condition, since they are unable to withstand any of the 
design loads unsupported. Typical non-structural techniques are epoxy resin 
lining, cement mortar lining and COPON 169 (a polymeric liner) 
(http://www.pipewaygroup.com/ - visited 26/7/05).
From the economic standpoint the important characteristics of the liners are the 
thickness to which they may be installed, the cost of installation, the possible
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distance between entry and exit pits, the cure time of the liner and the tolerance of 
the cured liner to water within the pH limits allowed by the regulator.
2.3.2.2 Epoxy Resin Lining
Epoxy resin lining is a technique whereby a rotating sprayhead (Figure 2.6) is 
pulled along a cleaned main, and a layer of two-part epoxy based paint is 
deposited behind it. This system offers a 16-hour cure time and good slump 
resistance enabling thicknesses of up to 1 mm to be applied in a single pass of 
upto 175 m in length. The tendency for a material to slump (lose adhesion at the 
invert of a pipe) is a negative one, since it leads to a reduced quality of final liner 
installation. The system is used for internal corrosion prevention and for 
combating water quality problems. It is particularly useful in small diameter 
pipelines due to the small reduction in internal bore caused by installation. Epoxy 
resin lining is suitable for use in potable, raw, fire and industrial water mains.
The system is suitable for internal diameters in the range 75 mm - 600 mm and 
can coat pipes constructed of cast iron, ductile iron, steel, asbestos cement, 
concrete and glass fibre reinforced plastic (GFRP).
Figure 2.6 Close up of the epoxy resin lining sprayhead, which is pulled along the 
main, rotating and lining as it goes.
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The principal use for epoxy resin lining is for internal corrosion control, and 
subsequent prevention of water quality issues. Epoxy resin lining has been 
heavily used in some parts of the UK, due to the advantages it offers over other 
renovation strategies.
An inherent advantage of the sprayed epoxy resin lining system is that it does not 
block ferrule connections to customers and hence there is no need to dig down to 
the host main in order to reconnect customers to supply. The thin layer that is 
installed leads to a minimal reduction in internal bore, which, coupled with the 
smooth surface created by the liner itself, aids fluid flow through the pipe, and this 
has potential environmental benefits in terms of reduced energy consumption. 
Indeed, the economics of epoxy resin lining have been the subject of discussion in 
the literature. Chantre (1992) calculated the relationship between the cost of a 
variety of different liners, including epoxy resin lining, and the benefits conferred. 
He showed that under certain circumstances, i.e. when the condition of the main is 
very good, then from a cost/benefit point of view, the economics favour epoxy 
lining, as its limited structural contribution is offset by the high remaining life of 
the host water main. He does, though, state that the epoxy lining method is unable 
to provide the same benefits, in terms, for example, of leakage reduction. Chantre 
also publishes a table of comparison of the approximate cost per metre for a 
variety of different techniques, however these take no account of advances in 
lining technology that might occur, such as the ability to reconnect a service pipe 
from within the host main, without excavation. Therefore it is likely, as 
technology advances to allow more to be done more cheaply that the balance of 
economics, at the current time, will have shifted more towards the interactive 
liners and away from epoxy resin lining. In the future, this is likely to shift still 
further, as more advances are made with interactive lining systems. The reason 
for this is that all development work that is carried out has a dual aim, to improve 
performance and drive down cost. The interactive liners have more room for this 
development that the epoxy resin lining process, which is essentially fully 
developed.
The technique of epoxy resin lining has also been evaluated by Severn Trent 
Water Limited, in work by Kane (1995). Kane states that the key benefits of the
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technique are general improvements in water quality, internal corrosion protection 
and also extended asset life. He lists its ability to cope with a wide range of host 
pipe diameters and the fact that service connections do not need to be remade as 
further advantages of the technique.
The technique does have its limitations though. For example the lining produced 
is unable to withstand host-main ring fracture and the material is not proven to 
prevent, or reduce, water leakage. The 16 hour cure time, which necessitates 
customers being without water for up to 36 hours is also problematic. 
Additionally, the epoxy resin coating is not suitable for gap-spanning or hole- 
bridging and neither can it be used to seal leaking joints. The terms gap-spanning 
and hole-bridging are important from the perspective of this project. This is 
because the basis of the current design methodologies for interactive liners 
involves the ability of a liner to span gaps and holes.
2.3.2.3 Cement Mortar Lining
Cement mortar lining, like epoxy resin lining is applied by a sprayhead being 
pulled through the main. It is typically applied in 4-5 mm thick coatings, though 
it is often also found installed as a pre-lining, prior to pipe installation.
Cement mortar lining offers excellent resistance to internal corrosion, even in 
uneven pipes, since the liner has a passivating effect on ferrous materials as a 
result of its high pH. The ability to prevent electrochemical attack of cast iron 
pipes is a strong advantage for the use of cement mortar lining over epoxy resin 
lining.
However, Chantre (1992) considers that an epoxy resin lining is more 'user- 
friendly' and eventually works out to be cheaper than a cement mortar lining. 
This is because a cement mortar lining has a far greater tendency than an epoxy 
resin lining to block ferrules. Chantre states that a trial operation with epoxy resin 
lining resulted in 6 blocked service connections, whilst for a similar trial operation 
of some 8,000 km, cement mortar lining lead to 38 blockages, 20 of which
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required extra excavation to fix, entailing extra cost. It is also, though, true to say 
that cement mortar lining is cheaper than other rehabilitation techniques such as 
pipe bursting, swage lining and slip lining. Work presented by a Malaysian 
authority (Ng and Toh, 1994) showed that the unit costs in RM (Malaysian 
Rupees) were 356 for pipe bursting, 362 for swage lining (a technique that entails 
the drawing of a liner through a die to reduce its diameter, and which relaxes to a 
tight fit when the drawing force is removed) and 737 for slip lining, this contrasts 
starkly with cement mortar lining which had a value of 213 RM/m. However in 
each case the pipes rehabilitated were of differing diameter, meaning that some 
normalisation step would be necessary to ensure that the comparisons were fair. It 
is not clear whether such normalisation was carried out.
The opinion of Chantre is in direct contrast to that of Kane (1995), who suggests 
that the advantages and disadvantages of the cement mortar lining technique are 
similar to those of epoxy resin lining and that a greater risk of reduced carriage 
capacity is the principal issue when comparing epoxy resin lining to cement 
mortar lining.
According to Marshall et al. (1998), cement mortar lining was the most frequently 
used renovation technique up to 1990, and has been used for over half a century. 
They list low cost and minimal reduction in internal bore as the principal 
advantages of using cement mortar lining. However, they also stress that the 
uncertainty in quality control and the fact that the cementitious material used to 
line the pipes may give rise to high residual pH values for years after lining 
(particularly in soft water areas) are disadvantages.
2.3.2.4 Copon 169 (http ://www.pipeway group, com/ - viewed July 2003)
COPON-169 is a fast cure liner, installed by DWI approved companies such as 
Pipeway. It is a recently developed (within the last five years) technique and has 
now largely superseded techniques such as epoxy resin lining and cement mortar 
lining. Like epoxy resin lining and cement mortar lining, the COPON-169 liner is 
applied by means of a rotating sprayhead pulled along the host main.
EngD Portfolio -  Volume I 38
Benjamin B. Crunkhom Literature Review
The similarities between this technique and epoxy resin lining and cement mortar 
lining are obvious (see Figure 2.7), however at the same time there is one crucial 
difference. The cure time of the other techniques necessitates customers to be cut­
off from their supply, or to have a temporary supply, for up to 36 hours. The cure 
time for COPON-169 is some 3 minutes until it is hard enough to touch and the 
supply may be reconnected in less than 2 hours. Due to the speed of cure of the 
liner, it is possible to apply the liner in multiple passes, meaning that thicknesses 
up to 6 mm can be applied in one operation, in direct contrast with the typical 1 
mm thick application of epoxy resin and cement mortar lining indicated earlier. 
In this way the liner is able to plug some leaking holes in the pipe wall, 
particularly those resulting from pin-hole corrosion. However, applying it at high 
thicknesses, such as 6 mm, might result in a problem of ferrule blockage, which 
would need to be addressed.
Figure 2.7 Photograph of the PU 169 applicator head.
At the moment, COPON-169 has limited use within the industry and has not yet 
been the subject of great levels of research. The technique, however, is essentially 
a quicker version of epoxy resin lining, and hence it would be expected to cost 
about the same to install. Except for the fact that the more rapid installation times 
would lead to greater productivity and also less consumer and possibly 
environmental impacts.
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The possibility of using COPON-169 at elevated thicknesses has lead to the 
suggestion by the manufacturer that it should, in some cases, be considered as a 
semi-structural liner.
2.3.3 Semi-Structural (Interactive) Techniques
2.3.3.1 Introduction
As already indicated, the terms interactive and semi-structural have been used 
interchangeably within the industry for some years and it is only now that the 
definitions have been properly standardised that the term interactive liner is 
understood fully. The concept of interactive liners, where the host pipe conferred 
some degree of support to the liner, but did not fully support it, was initially put 
forward by Boot and co-workers (Boot et al., 1996,1999) as a way to save on 
materials costs by reducing over design and rationalising the design procedures. 
Various manufacturers have interpreted the concept in a variety of ways and there 
are consequently many different forms of interactive liner in existence, as 
discussed in the next section.
2.3.3.2 SubLine/SubCoil
Subline and Subcoil are both Medium Density Polethylene (MDPE) liners. The 
difference between the two lies in the diameter of host main that they are designed 
to work in and, consequently, some aspects of the installation process. Subline is 
designed for large diameter water and gas mains, in the range 225-1600 mm, and 
hence is supplied to the site as 'sticks’ which are welded into a continuous 'string', 
cold-folded and installed, all whilst on-site. In the case of Subcoil, the diameter 
range is from 75-200 mm, and hence the material may be supplied to the site in a 
coil on a large trailer mounted drum (Figure 2.8). This means that the entire cold- 
folding operation can be carried out under factory conditions and is therefore 
more reliable, and carried out to tighter tolerances.
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Despite the slight differences described above the basis of the two techniques is 
identical. The material used is a medium density polyethylene (MDPE) which is a 
semi-crystalline polyolefin, with a Vicat softening temperature of 116 °C (Boot, 
(1996); Rigidex information sheet TIS157/3, (2001)). In common with all pipe 
used by the water industry a blue pigment is added to the polymer to identify it as 
potable water pipe.
The Subline/Subcoil process uses standard MDPE pipe to create a close fit liner 
within an existing main (Subterra Brochure, 1998). It has been specifically 
designed to be used as an interactive pressure pipe liner, though it may be 
installed at thicknesses that represent an independent close fit liner under certain 
conditions (typically low operating pressures). The liner is cold-folded into a 
characteristic 'c'-shape, as shown in Figure 2.8, below, which is temporarily held 
by straps, or a sleeve in the case of Subcoil.
\ >
\ %
Figure 2.8 The Subcoil insertion process and the characteristic U-shape.
This folding operation reduces the cross-section of the liner pipe to such an extent 
that a clearance is generated for the installation of the liner into the host main. 
The liner is then pulled into place using a winch. Depending on the diameter of 
the main being lined and the required thickness of the liner pipe, the liner can be 
installed around bends up to 45°. Due to the low cross-sectional area of the liner, 
the winching loads required to install the liner are low and consequently the risk 
of introducing potentially detrimental residual stresses to the liner or the host pipe
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is minimised. Furthermore, since the liner is physically restrained at its reduced 
diameter, the installation process may be stopped and started. This is in direct 
contrast to techniques such as swage lining, where the liner is drawn into a 
reduced diameter under tensile load. In such techniques the lining operation must 
proceed in one attempt, or the operation will fail. Once in place the liner is 
subsequently reverted. The reversion operation bursts the bands, or stretches the 
sleeve, as it proceeds ensuring that a close-fit is reached with the host main. 
Mains water pressure is normally sufficiently high to initiate the reversion 
procedure. Once installed the liner is able to seal leakage and limit internal 
corrosion, by starving the internal bore of the pipe of corrosive species.
In work carried out at the University of Bradford, Boot et al. (1999) showed that 
the both the folding operation and the possible introduction of longitudinal 
notches during installation of up to 10% wall thickness of the liner had no 
detrimental effect on the behaviour of the liner relative to that predicted by their 
own design curves.
According to Chantre (1992), the typical cost for sliplining, a structural liner, is 
£35 per metre, whilst for open trench renewal, this rises to £48-54 per metre. It is 
reasonable therefore to assume that since sliplining and installing Subcoil are very 
similar operations and use identical material, they will cost about the same. 
However, the likelihood of increased cost due to the cold folding operation and 
also the additional complexities of reconnecting the services might, in fact, offset 
any savings made by the use of less material. Therefore in this work it is assumed 
that Subcoil costs around £40 per metre to install, this figure agrees well with 
private estimates given by colleagues in the water industry. It should, though, be 
borne in mind that the greater the number of service cormections to be remade, i.e. 
the more urban the environment, the more this cost will increase. However, if it 
were possible to reconnect the liner to the host main ferrule from within the liner, 
then this cost would drop significantly.
The lack of knowledge of the underground pipe network (e.g. its age, condition, 
the diameter) can prove problematic when using Subcoil/Subline, though. In a 
paper published at the tenth Plastics Pipes Conference in Gothenburg, Sweden,
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Marshall et al. (1998) state that there are 'difficulties in determining the size of 
liner to use, since a knowledge of the internal diameter of the existing asset is 
often missing'. They also state that a further advantage of polyethylene thin 
walled liners (PETWLs), such as Subcoil, compared to hoseliners, such as 
Thermopipe, is their availability over a very wide range of diameters, whilst 
hoseliners are typically only available in diameters up to about 200 mm.
23.3.3 Thermopipe ®
Thermopipe is a thin-walled polyester reinforced polyethylene (PRP) liner that 
has been developed by Angus Flexible Pipelines (Boon et ah, (1998)). 
Thermopipe offers high installation rates (up to 200 m in one stretch), a thin wall 
(around 2-4 mm) and is able to line around 90° bends (Boon et ah, (1998)). It 
consists of a semi-rigid composite tube comprising woven high tensile polyester 
fibres, encapsulated in a low density linear polyethylene matrix.
The system is suitable for use in a range of pipeline diameters but has been 
developed with lower diameters in mind and is currently available in diameters up 
to 150 mm with a pressure rating of up to 15 bar. It is able to bridge over pipe 
joints and cracks without itself failing and has no knovm detrimental effects on 
water quality.
Thermopipe is factory produced, in a folded C-shape. It is then winched into the 
main, sealed, and reverted by application of a pressurised gas, with first nitrogen 
and then steam. Unlike Subcoil and Subline, no strapping or sleeving is required 
to retain the liner in its folded (unreverted) condition. The downside of this is that 
the liner is likely to collapse if water pressure is absent for some reason, though 
this is not considered to be a problem, unless some foreign body becomes present 
in the annulus between host-pipe and liner. The steam used in the reversion 
process also acts as a sterilising agent, meaning that a further post-lining 
sterilisation step is unnecessary. Figure 2.9 illustrates the lining and reversion 
steps of the installation procedure.
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Figure 2.9 The insertion and reversion processes for Thermopipe (after Boon et al., 
(1998)).
At present it is still necessary to dig down to reconnect service connections to 
properties. A range of proprietary ferrules exist which enable this reconnection to 
be achieved. However, the necessity to dig down and reconnect adds complexity 
and cost and hence should be avoided if possible. No research was found that 
indicated that the manufacturers of Thermopipe are taking steps to address this 
issue.
Hoseliners, such as Thermopipe, are considered in a paper by Marshall et al.
(1998). They state that the main problem with the Thermopipe system, which is 
not referred to by name, is that it is not available for diameters greater than 200 
mm. Marshall et al. go on to state that thin-walled polyethylene liner concepts, 
such as Subcoil, are a viable alternative to a technology such as Thermopipe.
A number of case studies into the use of Thermopipe have been presented (Boon 
et al. 1998). In one such study, some 1,600 km of 100 mm (4 inch) diameter 
water main in the Bristol region had been lined with Thermopipe: The problem 
that had been identified with the main, prior to lining, was frequent bursts. 
However, it is not stated if the liner is suitable for use in burst conditions, or that 
the liner was installed to prevent the occurrence of such bursts. It seems more 
likely that the liner was installed to mitigate the effects of the previous bursts, i.e. 
a large number of circumferential cracks and corresponding repair clamps, with a 
potentially elevated leakage rate. As such, it has been assumed that the work
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takes no account of the potential for interactive liners to survive ring fractures, or 
otherwise. In a further case study in the same paper, note is made of the ability of 
Thermopipe to reduce the number of joints in a system that are prone to leakage. 
This would seem to bear out the previous assertion.
2.3.3.4 Cempipe ®
CemPipe is another interactive liner and is depicted schematically in Figure 2.10. 
The technique uses a layer of cement grout to provide interaction with the host 
pipe, and leakage is prevented by a layer of polyethylene which is very thin and 
joined using multiple mechanical keys to the grout layer. To date nothing has 
been published on the way in which services are reconnected, although it is likely 
that a method similar to that used for Subcoil is employed. The polymer 
membrane is manufactured as a 'felt' with the grout anchors being an integral part 
of it. The polythene membrane has a notional thickness of 3 mm, including the 
hooks, though the actual membrane itself is far thinner. The material from which 
the liner is made is a polyethylene and has a melting point (Tm) Of 126-136 °C, 
and a glass transition temperature (Tg) of less than -118 °C.
Cempipe is used for the renovation of pipes with diameters in the range of 75-300 
mm, a wider range of applicability than Thermopipe, but less than Subcoil, and 
other similar techniques.
existing pipe 
^  cement grout 
grout anchors 
pe liner
Figure 2.10 Schematic representation of CemPipe (http://www.pipewaygroup.com/ - 
viewed July 2003).
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It seems unlikely from the nature of the materials concerned, and the manner in 
which the liner interacts with the host main, that Cempipe would be able to 
survive a circumferential (or ring) failure of the host-pipe. However, no published 
research has been found that presents an investigation into the mechanical 
behaviour of this liner under ring fracture conditions, or other similar occurrences.
According to the manufacturer (http://www.pipewaygroup.com/ - viewed July 
2003), the liner can withstand a 20 bar pressure when spanning a 60 mm hole; 
although how long it can sustain this performance is not presented. It is also not 
clear whether this is for the polymeric component alone, or the entire grouted 
system. The manufacturers also state that a negative pressure of 0.9 bar can be 
withstood. This is almost certainly with the grout present, enabling the polymeric 
component to gain further support from the hooks. The burst pressure for the 
same material in a 3 mm thickness for gaps of similar dimensions and varying 
geometry is between 60 and 120 bar (Boot et al., 1996).
The liner has an 18-hour return to service time, which is mainly the result of the 
hydration/curing time needed by the grout used to provide full interaction with the 
host main. According to the manufacturer, CemPipe offers broad functional 
effectiveness including corrosion control, sediment resistance, leak prevention and 
various advantageous strength parameters, low installation equipment and 
material costs, and ease of installation.
23.3.5 Hoseliners
In BS EN 13689:2002 hoseliners are defined as polyethylene with textile/fibre 
reinforcement. They are further subdivided into types a) and b). Type a) 
hoseliners, such as Thermopipe, are those that are reverted by inflation with steam 
to a self-supporting (semi-rigid) circular shape, whilst the type b) variants, are 
those that remain collapsed until pressurised, in the same way that a conventional 
fire hose does, and hence may also collapse when depressurised. Furthermore, it 
states that they may be loose or close fitting, and may require special fittings and
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ends and service connections. Entry may be gained via existing access pits, such 
as manholes or hydrants, or else only a small pit may be required. The techniques 
are capable of negotiating bends and can offer minimal reduction in loss of 
internal bore, particularly if close fitting, across their range of applicable 
diameters, which is approximately 70-350 mm.
Hoseliners are able to span small gaps and holes in the host pipe, but offer no 
contribution to the structural integrity of the system. They may be bonded to the 
host pipe wall, given a degree of reinforcement such that they can support their 
own weight, or installed alone relying on the pressure of water flowing through 
them to ensure that they are in close contact with the wall of the host main and a 
clear passage for water remains. The primary advantage of hoseliners is that they 
offer a very small reduction in internal bore, whilst potentially solving some 
leakage issues, such as leaking joints and pinhole corrosion. The fibre-reinforced 
hoseliners, such as Thermopipe (discussed earlier) are able to span larger gaps and 
holes than their unreinforced counterparts.
When using hoseliners, a possible means of ferrule reconnection is to send a robot 
along the interior of the main, equipped with a cutting tool, which is able to pierce 
the liner. The reconnection of services following lining is an important 
consideration when lining a main. In this document, and throughout associated 
portfolio, mention is made of a new development, which features in some of the 
investigations presented. This new development is a hoseliner, though it is 
currently subject to industrial sensitivity and further details may not be given in 
this document.
23,4  Fully-Structural Techniques
23.4.1 Introduction
Such independent pressure pipe liners may simply be a thicker version of an 
existing interactive liner technology, but other alternatives are available. For 
example the Rolldown and Subline technologies mentioned earlier in Section
2.3.3 may also be applied as independent liners, by using a thicker section (or
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lower Standard Dimension Ratio, SDR = external diameter /wall thickness); 
whilst a technique such as Inpipe, which is a cured-in-place liner, does not lend 
itself to use as an interactive liner and hence is only employed as an independent 
pressure pipe liner, though it can be used for both potable and waste water pipes.
In the next section the key current developments in the independent pressure pipe 
liner market are reviewed. There are many techniques, but broadly speaking, for 
fully-structural lining, they can be divided into three main types:
1. Concentric Reduction, where the external diameter of the liner is reduced 
in some way, to facilitate installation;
2. Slip-lining, those where the liner is installed without such reduction; and
3. Cured-In-Place, those in which the liner is installed as an uncured polymer 
(typically reinforced) by some inversion operation, and the polymer is 
subsequently cured to develop the final liner properties.
In general, techniques that involve reducing the cross-section, either on-site or in a 
factory, lead to a close-fitting liner.
2.3.4.2 Rolldown (see e.g. Boot et ah, 1996)
Rolldown (Subterra Technical Guide, (2000)) is a close fit polyethylene lining 
technique that can be designed for both structural and semi-structural lining. 
However, due to the technique employed in its manufacture, it is more commonly 
used as an independent pressure pipe liner.
The Rolldown technique involves concentrically reducing the external diameter of 
the liner pipe, such that it can more easily be pulled into the existing main. The 
concentric reduction operation for Rolldown is shown in Figure 2.11. The 
concentric reduction is bought about by using a series of rollers, which
progressively reduce the external diameter of the liner, whilst simultaneously
increasing the wall thickness. The resultant plastic deformation effectively leads 
to a reduced eross-sectional area, facilitating installation. It can navigate bends of 
up to 11.25° and can be used for pipe diameters in the range 100-500 mm. Once
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the liner is installed, internal water pressure is then applied to revert the liner to a 
close-fit within the host main. Both the concentric reduction and the subsequent 
reversion operation are accomplished using plastic deformation (Boot et al., 
1996).
This process requires a minimum liner wall thickness in order to minimise the 
chance of the liner deforming under mechanisms other than concentric reduction, 
e.g. buckling. In the case of Rolldown, as for Subcoil and Subline, each service 
pipe must be dealt with individually, meaning that costs rise with the number of 
required excavations. Under ideal conditions lengths of up to 1000m may be 
lined in a single pull with Rolldown.
Figure 2.11 The concentric reduction rollers for Rolldown (Rolldown Brochure, (2000)).
As already indicated, Rolldown is commonly used as an independent pressure 
pipe lining, yet it is as an interactive lining that the majority of the work has been 
carried out into the behaviour of the liner under service conditions. This work, 
carried out mainly by Boot and co-workers (Boot et al., 1996, Boot et al., 1999), 
at the University of Bradford, has shown the value of such techniques in use as 
interactive liners and, indeed, has been largely responsible for the degree of 
acceptance of interactive liners that currently exists.
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According to Boot (1996), the medium density polyethylene, MDPE, used to 
produce the Rolldown liner is a semi-crystalline polyolefin with a Tg of less than - 
70 °C and a vieat softening temperature of 116 °C. The mechanical properties of 
MDPE are a function of time, stress and strain, this is the case for most polymers. 
It is also highly ductile at room temperature.
In their work. Boot and co-authors make the case for an alternative design 
rationale, which considers actual service conditions rather than assuming that a 
full thickness, i.e. independent, liner pipe is always required. In this way, they 
developed a rationale for the use of interactive liners. They did this by 
demonstrating that the principal physical requirement placed upon liners during 
their service lives is the spanning of gaps and holes in the host main, and hence 
they only need to be able to support the applied internal water pressure across 
such gaps. The remainder of the applied internal water pressure can be transferred 
across the interface between the liner and the host-pipe and home by the host-pipe 
itself, which generally remains largely intact.
In terms of costs, Rolldown lies somewhere between renewal, which according to 
Bost et al. (1994), costs around £97 per metre, and Sliplining, which costs around 
£35 per metre. They estimate that the typical cost of relining with Rolldown is in 
the order of £ 66 per metre, for a 315 mm internal diameter host main.
According to Kane (1995), in work he carried out for Severn Trent pic, Rolldown 
and Swagelining are essentially identical in their performance. He identifies the 
key strengths of the Rolldown technique as leakage reduction and extension of 
asset life, whilst he lists the loss of internal carrying capacity and the difficulty of 
replacing service connections as the key disadvantages. He identifies as a further 
potential issue, the inability of the technique to cope with changes in internal 
diameter. Such changes in diameter ean be common in the old cast iron mains of 
which the Thames Water network is comprised. The effect of a change in 
diameter is a greater issue in a pipe that is used as an interactive liner than in one 
that is used as an independent liner. This is because if the pipe has been designed 
as independent, it will be able to support the applied water pressure unsupported 
for the design life. However, if the liner is installed as interactive, then as the
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liner creeps out to form a close-fit with the host main, a greater than expected 
thinning may occur. Ultimately this will lead the liner to have a reduced capacity 
to span gaps and holes for the design lifetime. In comparison with Swage Lining, 
Rolldown offers the advantage that the liner pulling force is not required in order 
to maintain the reduction in cross-section of the liner and consequently the lining 
process may be interrupted. This is not the case for Swagelining.
2.3.4.3 Swagelining
In the Swagelining, or Die-Drawing, technique a full pressure bearing pipe 
(independent liner) or a thin walled liner (interactive liner) is pulled through a 
conical die to reduce its diameter (Marshall et al., (1998)). The tension is 
maintained during installation and when released allows the liner to contraet due 
to visco-elastic creep recovery, leading to a close-fit with the host-main. A tensile 
force must be maintained during installation, since at the instant it is released, the 
liner begins to resume its undeformed shape. For this reason, it is very important 
when Swagelining, to ensure that the host pipe is correctly surveyed (Ng and Toh, 
(1994)). This is because any errors could lead to a necessity to interrupt the lining 
operation, meaning that the tensile force must be released. If this happens, the 
liner will resume its initial shape and form a close-fit, leading to a high likelihood 
that further excavation will be required to remedy the problem.
Experience in the field, with a Malaysian water company, has shown that the 
technique is capable of lining lengths of several hundred metres in a single 
operation (Ng and Toh, (1994)). Ng and Toh also state that the liner may be 
installed at a rapid rate of some 4-6 m/min. During their field study of the 
technique they observe that the only difficulty they encountered was the variation 
in internal diameter of the existing asbestos cement (AC) main. In another paper 
on rehabilitation, Kane (1995) compares a variety of different techniques. In his 
comparison Swagelining and Rolldown score identically, yet he takes no account 
of the fact that Rolldown may be stopped and started during the installation 
process whilst Swagelining may not. In terms of costs Swagelining is cheaper to 
perform than sliplining, and of similar cost to pipe-bursting.
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2.3.4.4 Sliplining
The technique of sliplining dates back to the 1960s (Gumbel, (1998)) and it is 
generally considered to be the progenitor of many other lining techniques, 
including the interactive family of liners.
In sliplining, a new fully structural pipe of lesser diameter is inserted into the 
existing main, with a substantial reduction in internal bore. This reduction in bore 
does not necessarily lead to a reduction of hydraulic characteristics, since the 
reduced surface roughness of the liner may cause an improvement in fluid flow. 
A large number of different materials may be sliplined into water mains and 
shallow bends, up to 11.5° (may typically be negotiated, depending upon 
installation conditions and the system being installed.
Figure 2.12 Schematic representation of the sliplining process 
(http://www.subterra.co.uk/ - viewed July 2002)
Figure 2.12 shows a schematic of the sliplining process, it can be seen that there is 
an annular gap left between the host pipe and the liner, which may or may not be 
filled with grout, according to user requirements.
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2.4 Predicting Service Life of Interactive Liners
2,4,1 Review o f Existing Work
To date, a small, but significant, amount of work has been carried out, focused on 
the behaviour of interactive liners under service conditions. Authors such as 
Heavens (1998) and Gumbel (1997) studied the basic premises underpinning the 
use of such liners, whilst a series of papers by Boot and co-authors studied 
specific service conditions in greater depth. The work by Boot et al. (see for 
example Boot et al., (1996), Boot et al., (1999)) resulted in the production of a 
series of design curves for use with the polymeric liner systems that are in use 
today. These design curves are currently used by the industry and hence it is 
valuable to consider them in greater detail. To date, no work has been undertaken 
to consider situations that might occur under conditions other than those covered 
by the design procedures proposed by Boot and his co-workers. In the eurrent 
work, situations other than those considered by Boot et al. were investigated, and 
hence the knowledge of liner behaviour under possible service conditions was 
extended.
Boot, though is not the only author who has been working on the behaviour of 
liners under service conditions. Some work has also been carried out on 
understanding the behaviour of sliplined pipe under service conditions (Zhao et 
al., 2003, Taylor et al., 1997). Furthermore, there has been work on 
understanding a variety of conditions that can occur in renovated waste water 
pipes. Waste water pipes often have different specific structural problems to 
potable water infrastructure, but often experience similar damage meehanisms and 
hence there are some areas of overlap. Most of the work on waste water pipe has 
involved cured in place pipe liners, such as Insituform (Boot and Javadi, (1998), 
Watkins and Shupe, (1988), Hooper and Osborn, (unknown year), Nassar and 
Youssef, (2002) and Thépot,(2000 and 2001)). There have also been a number of 
papers published on the behaviour of close-fitting liners. These have been for 
both interactive and independent liners (Huusko and Bos, (1998), El-Sawy, 
(2001), Seraj et al., (1999), Guice and Li, (unknown year), Zhu and Hall, (2001)).
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Both Heavens and Gumbel deal with general aspects of pipe lining in their review 
papers (Heavens, (1998), Gumbel, (1998)). In his review, Gumbel provides an 
early mention of the terms interactive and independent pressure pipe liner, which 
have now been adopted in the European standard BS EN 13689:2002 (E). He also 
states that the design methodologies are increasingly recognised as over­
conservative, particularly with regard to the ability of liners to withstand applied 
internal pressure. Gumbel states that an independent pressure pipe liner will only 
be fully stressed at localised points, where the host-pipe has already failed. 
Crucially, he then states that the liner 'should in principle be capable of surviving 
the possibly dynamic event of host pipe failure at any time during its design life'. 
He does not, though, give any details of experimental work that has been 
undertaken to verify this statement, presumably because at that time no such work 
had been carried out. He also highlights one of the most significant challenges 
facing a pipeline engineer, which is that, due to the differing mechanisms of 
failure of the various liners available, it is impossible to derive a common set of 
design equations for all products. This is because the different liners all have 
different failure modes, as do the diameters of host-pipe to which they are suited. 
It is therefore impossible to come up with a uniform design equation for all 
pipeline situations. However it is possible to adapt the existing design 
methodologies for new situations and to develop new design methodologies for 
situations not yet covered. Essentially, Gumbel advocates a more principled (i.e. 
less based on cognitive heuristics, or 'rules of thumb') performanee based 
approach to liner design and selection, in keeping with the increased knowledge 
of their behaviour that has occurred since the design procedures were initially 
developed. He also urges a move towards less conservative design proeedures, a 
move which can only be achieved if more research is carried out. With this in 
mind he suggests that there is a need for 'laboratory and field studies to directly 
measure the extent for potential further deterioration under different conditions of 
various pipe materials after lining, to determine the related applicability of 
interactive lining design for pressure pipes'. He states, in conclusion, that even 
without such research there is considerable scope for beneficial adjustments to 
current renovation design practices.
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In a second review paper, written by Heavens (1998), the focus is more on aspects 
of trenchless renovation, rather than on the improvement of design guidelines. 
Heavens points out that the US infrastructure, in common with most of the UK 
infrastructure, is in 'dire need of rehabilitation'. He states that the potential costs, 
in terms of public disruption, should traditional open trench renovation techniques 
be employed, are almost as large as the financial bill for the work. Heavens also 
defines the different types of renovation technique; he refers to them mainly as 
non-, semi- and fully structural. He states that semi-structural liners have the 
capability to span gaps and holes in the host pipe on a long-term basis. In contrast 
with Gumbel, though. Heavens states that whilst a liner can be expected to 
significantly enhance system lifetime, where the only problem is internal 
corrosion, this increased lifetime ean be expected to be near indefinite, 'or at least 
until failure occurs due to some other cause'. This seems to be a reference to liner 
failure being bought about by a cause other than a corroding host-pipe, i.e. 
something of a more physical nature. In fact, it appears that Heavens is implying 
that interactive liners cannot survive host-pipe fracture. Indeed later in the same 
paper, he publishes a table that states categorically that interactive liners cannot 
survive host pipe 'burst' (i.e. ring fracture) failure. However, there is no 
experimental data given to verify this apparent inference
Having reviewed the published literature available on interactive lining, 
considering both the design guidelines and also the techniques themselves, it is 
necessary to focus on more specific aspects of the behaviour of both individual 
lining techniques and also specific mechanical issues pertaining to the use of the 
techniques.
2,4.2 Relevant Materials Parameters
The liner host-pipe system consists of two key components, namely the liner and 
the host-pipe. In order to be able to quantify the behaviour of the system fully, it 
is necessary to understand the fundamental behaviour of both the liner and the 
host pipe.
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In terms of the mechanical properties of the host pipe the main property that is of 
interest is the residual strength of the host main. This can be related to the 
remaining life of the pipe, using a series of techniques known as condition 
assessment. These condition assessment techniques work by considering a 
sample of known age and determining the degree to which it has corroded, usually 
by measuring pit depth in some way (Dempsey and Manook, 1986). This 
information is subsequently used to determine a corrosion rate and the pit depth 
used alongside this, to enable a remaining lifetime to be calculated, based on 
assumptions made about the corrosion rate and the specified failure criterion. At 
the moment, a knowledge of the residual strength of the host main is not critical 
from the point of view of liner selection and design, since there are eurrently no 
design methodologies available that require the residual strength of the host pipe 
to be taken into account. However, in the event that liner design evolves to the 
point that ring fracture of the host main is a considered design condition, then this 
knowledge may become more important.
The principal use of pit measurements of the host pipe in liner selection and 
design is to gain an understanding of the largest corrosion hole that is likely to 
exist in the wall of a pipe. This can then be used, in conjunction with the existing 
gap- and hole-spanning design curves, to enable the correct liner to be selected 
and installed. This approach has been demonstrated by Boot and co-workers and 
also by Boon et al. who all assume that the largest corrosion hole found in a UK 
water main, is 40 mm, in diameter (Boot et al., (1996), Boot and Toropova,
(1999), Boon et al., (1998)). From this Boot and co-workers apply a safety factor 
and use a 60 mm corrosion hole as an absolute worst case scenario against which 
to practically validate the models their approach generates.
In order to generate the design curves for polymeric liners that are mentioned 
above, a significant amount of data is required on the performance of the polymer 
under various conditions of mechanical loading. The model that is currently used 
in design for most un-reinforced linings was developed by Boot et al. (1996), and 
is based on the creep properties of the liner. A detailed understanding of the creep 
properties of the liner is consequently of critical importance. A number of studies 
have examined some of the relationships between creep and the behaviour of a
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liner within a host main. These have considered creep buckling (Guice and Li, 
unknown date; Zhu and Hall, (2001), Boot and Welch, (1996), Boot et al, (2003)) 
and also the general creep behaviour of the materials used for liners and pipes 
(Samuel and Rodriguez, (1998), Lai and Bakker, (1995), O'Connell et al., (1995), 
Guan and Boot, (2001), Nassar and Yousef, (2002)). Further papers (Boot and 
Toropova, (unknown year). Boot and Toropova, (1999), Boot et al., (1996)) and 
two PhD theses (Guan, (1993), Toropova, (1999)) have been written on the 
development of creep based models for predicting the service response of liners, 
and have necessarily considered creep in some depth. Further work has also been 
carried out on creep damage mechanisms for gas mains, though it should be borne 
in mind that the pressures under which gas mains operate are far lower than those 
used in water supply. However, the general damage mechanisms for a 
polyethylene pipe and to some extent any polymeric liner are likely to be similar, 
particularly in the case of large unsupported lengths. In their paper Hamouda et 
al. (2001) demonstrate that the ductile and brittle behaviour of the two materials 
they studied had a marked effect on material lifetime, as would be expected. This 
observation is significant, since in some eircumstances, particularly in Northern 
Europe and Canada, liners may be exposed to extremes of low temperature, which 
might transform their behaviour from ductile to brittle, leading to an increased 
probability of failure.
2.4.3 Relevant Physical/Mechanical Criteria
Aside from materials factors, such as the residual strength of the host main, or the 
creep properties of the polymer under consideration, a number of other parameters 
are also of importance in terms of developing an understanding of the overall liner 
system. These are discussed below.
In a paper considering the structural behaviour of cured-in-place-pipe Boot and 
Javadi (unknown year), discuss the failure mode of a sewer pipe. They point out 
that in practice sewer pipe failure is unlikely to be instigated by excessive loading, 
but rather an amalgamation of issues associated with the sewer pipe itself. They 
state that this will lead, eventually, to the formation of a specific crack pattern.
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Therefore the role of the liner, in the circumstances they describe, is not to 
withstand the design loads of the original system, but to withstand the specific 
conditions that apply when the liner is installed. It is an understanding of these 
physical and mechanical circumstances, coupled with an understanding of the 
performance limits of the liner under consideration, that leads, ultimately to a 
successful lining operation. A number of other papers have considered the 
conditions of failure that might exist in the host-pipe upon liner installation; such 
as further work by Boot and co-authors which considers the physical holes and 
gaps in joints within a system and the behaviour of a liner across these (Boot et al. 
(1996), Boot and Toropova, (1999)).
Other work has considered the behaviour of liners and pipes under the applieation 
of internal and external water pressure. In the case of internal water pressure it is 
normally the ability of the interactive liner, or pipe, to transfer load to its 
surroundings that determines its ability to withstand the applied pressure (Boot et 
al., (1996), Boot and Toropova, (1999), Boot and Guan, (2003)). For external 
water pressures, in the case of unbonded liners, such as all polyethylene, thin- 
walled, liners, it is the resistance of the liner to creep buckling conditions that is of 
primary interest. The consideration of the effects of external water pressure on 
liners has been carried out for both elastic and inelastic (El-Sawy, (2001)) 
conditions. The resistance to ereep buckling conditions has been studied by 
assorted authors (Zhu and Hall, (2001), Boot et al., (2003), El-Sawy, (2001), Boot 
and Welch, (1996), Boot, (1998)).
There have also been studies that have considered the relationship of certain 
physical parameters and the behaviour of sliplined systems. These have 
considered ways in which the load sharing between the liner, the host main and 
the grout, can be determined for a grouted, sliplined water main (Zhao and Daigle, 
(2001)). The effect of eccentricity of the liner, due to 'float' on the grout, on the 
behaviour of a sliplined pipe has also been considered (Zhao et al., (2003)). The 
frictional relationship between the liner and the host pipe is also of importance 
and has been studied (Taylor et al., (1996)). Finally, the effect of the degree of 
bonding between the liner and the host main is of importance, partieularly under 
flexural loading and subsequent failure (Taylor et al., (1996)), and this, too, has
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been examined (Taylor et al., (1996), Zhao et al., (2003), Zhao and Daigle, 
(2001)).
An understanding of the precise physical behaviour of the liner and the host main, 
coupled with an understanding, where applicable, of their interactions, is key to 
developing successful design guidelines for liners. There have been a number of 
attempts to formalise design procedures, and these are discussed below.
2.4.4 Using Materials Data to Predict Liner Performance Over Time
As already indicated, an understanding of the behaviour of both the host main 
under loading, and the behaviour of the liner under service conditions is required 
before one can develop an accurate design protocol for use with liners.
There are two principal situations for which models predicting the behaviour of a 
lined pipe system over time are available. The first is a lined gravity pipe, i.e. a 
sewer lining. The second is a lined pressure pipeline, which is normally a water 
main, but may also be a pressurised sewer, i.e. a riser main.
In the first scenario, that of the lined sewer pipe, two different liners have been 
considered, the cured-in-place liner, such as Insituform, and a thin-walled 
polyethylene liner. There has also been some work carried out on the behaviour 
of irregularly shaped sewer liners, but this has less relevance to the current work.
The work carried out by Seraj et al. (1999) considers the behaviour of closely 
packed horseshoe-shape sewer linings. Such horseshoe shaped linings are 
inserted into the sewer to be rehabilitated, leaving an annular space which is 
subsequently filled with cementitious grout. This creates what is essentially a 
composite sewer lining. During the installation process, the grout exerts a 
pressure on the liner, and may lead to the development of sufficient bending 
moment to cause total, or partial, collapse of the liner. This has obvious adverse 
effects on the post-lining performance of the lined sewer. In the design 
procedures for such liners, it is important that liners can be designed such that the
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excessive bending moments mentioned above are avoided, or can be withstood. 
They found that buckling of the liner was unlikely to be the governing mechanical 
condition for horseshoe shaped liners. They also developed a two-dimensional 
finite element (FE) model to simulate the behaviour of various loads during 
installation. This was subsequently used to develop design curves for the grouting 
operation used as part of the lining installation procedure. These curves predicted 
the maximum bending stresses at the crown (top) of the lining under various 
boundary conditions. A good understanding of the behaviour of liners under 
grouting operations is not strictly necessary for interactive liners such as Subcoil 
and Rolldown, however for Cempipe and independent liners installed by 
sliplining it may be critical. The model also allowed for the development of an 
allowable grouting pressure curve, which might also be applicable to external 
pressurisation situations for liners in an ungrouted system. If one assumes that the 
grout pressure is analogous to an applied external water pressure. In their paper, 
Seraj et al. use the design curves they produce to determine the allowable grouting 
pressure under installation conditions for liners under various boundary conditions 
and restraint situations. They also used them to determine the required thickness 
of liner required to withstand a given grouting pressure and boundary conditions. 
In the case of pressure pipe liners, it is possible that this work could be extended 
to cover the application of external water pressure to liners and that the design 
curves could be used to determine the required thickness to withstand a known 
external pressure. The approach, though, would need to be modified to enable the 
internal water pressure to be accounted for, along with the buckling restraint 
engendered by the close fit of the liner within the host main.
Further work on cured-in-place gravity sewer liners has been carried out by 
Watkins and Shupe (1988). This work demonstrates that the installation of a 
cured-in-place composite liner, such as Insituform can be expected to significantly 
enhance the resistance of a sewer to collapse under applied soil loadings. They 
demonstrate that a lined sewer remains essentially undamaged following the 
application of a vertical soil pressure of 60 Mpa (8,700 p.s.i), whilst an unlined 
pipe under the same conditions was severely damaged. They do not, though, 
make any inferences towards the development of design procedures. However, 
the observation that the lined pipes are significantly stronger than the unlined ones
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is of potential significance for this study. It should be noted, though, that the test 
conditions applied in this work, a statie soil load, are different to those that would 
occur on lined pipes of the material and diameters that are of interest in this study. 
Hence no direet inference can be made from this study as to the survival of other 
types of liner in different conditions. Furthermore, the liner that is considered in 
their work is of far greater stiffness than the liners under consideration in this 
study, and the relative difference in stiffness between the host pipe and the liner 
applied is unlikely to be anything like of the order of the difference between 
degraded cast iron host pipes (even if they are substantially corroded) and thin- 
walled polymeric liners.
In another series of studies, Thépot (2000 and 2001) considers the development of 
structural design guidelines for oval-shaped and non-circular sewer linings. In the 
paper published in 2000 the response of liners to long term external hydrostatic 
pressure is considered, but the short-term effects of grouting operations, as 
considered by Seraj et al., above, are not. The 2001 paper (Thépot, (2001)) deals 
with linings subject to external groundwater pressure, and takes account of the 
beneficial interaction between the liner and the host structure. He notes that 
cured-in-place liners conform exactly to the shape of the existing structure, whilst 
preformed liners (such as thin-walled polymeric liners) require a grouting 
operation to remove the annular gap. For non-pressure applications, he assumes 
that the only major interaction that can have any significant effect on the 
behaviour of the liner that is likely to occur, is the application of external water 
pressure. Thepofs approach is applicable to many types of liner and might be 
relevant to close-fit lined pipes under a vacuum event, which could release the 
restraining effect of the close-fit. Such an event might occur if a burst has 
occurred in a nearby area or for some other reason the surrounding mains have 
been valved off. In fact one of the main assumptions underlying his work is that 
there is no pressure inside the lining. He assumes, furthermore, that there is no 
bond, or frictional resistance, at the host pipe-liner interface, a condition which is 
unlikely to exist in the case of close fitting polymeric linings. He also assumes 
plane strain conditions, in common with other workers in the field, see for 
example Boot et al. 1996. For the sake of simplicity he also neglects to consider 
some third dimensional stiffening effects. In conclusion he notes that the safety
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factor required for consideration of the buckling of a non-circular lining can be 
calculated, given a knowledge of the behaviour of the material under certain 
conditions, such as buckling and bending. In terms of the small diameter water 
mains that are under consideration for this work, the work of Thépot is of limited 
relevance, due to the fact that it makes the assumption that no internal water 
pressure is acting on the liner. In fact, this is likely to be the case for more or less 
the entire design life of the liners under investigation in this work. However, for 
certain circumstances, where the water pressure is lost for some reason, and 
particularly also in the case of high external water pressures, the approach might 
have some merit for predictive calculation. In the second of his papers Thépot 
(2001) publishes the results of similar work, for a slightly different set of 
conditions and also includes the outcomes of some experimental verification of 
his calculations, an omission from the first paper. By generating finite element 
predictions against which he compares some experimental data he further refined 
the assumptions that he made. Thépot (2002) assumes the following
• The lining is close-fitting—
• There is no bonding, or frictional interaction, at the interface, i.e. it 
is perfectly sliding.
• The external pressure is uniform and there is no internal pressure.
• The liner thickness is constant.
• The liner material behaves in a linear elastic manner.
• The lining is cylindrical.
• The liner can be considered as a flexible body within a rigid 
encasement.
• The model is two dimensional.
In fact a number of these assumptions are open to criticism. There is friction 
between the liner and the host main (Taylor et al., unknown year), and in the case 
of cured-in-place liners, there may even be some level of adhesion (Watkins and 
Shupe, (1988)). The composite material used in a cured-in-place liner may well 
behave in a linear elastic manner, but thin-walled polymeric liners almost 
certainly do not. In the case of the liners under consideration here, it is also 
unlikely that the internal applied pressure will be zero, though in the case of
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gravity sewers, as considered in his work, this assumption holds. Therefore in the 
case of gravity sewers the assumptions seem reasonable, however in order to 
consider the particular situations of close-fitting polymeric liners in pressure 
pipelines further work is required.
Further work on predicting the behaviour of lined sewers under loads has been 
carried out by Boot and co-authors (Boot and Welch, (1996), Boot et al., (2003)). 
In their 1996 work, Boot and Welch (1996) showed that developing a suitable 
safety factor against long-term creep buckling is the most appropriate design 
consideration. The assumptions made in this work are as follows:
• Groundwater pressure is applied over a short period of time (relative to the 
lifetime of the liner) and remains constant for the remainder of the 
lifetime.
• The lining material exhibits time dependent properties (creep).
• The lining is not bonded to the pipe.
• The host pipe is not perfectly round, and the liner does not fit perfectly 
within the available space.
Under a gravity application these conditions are satisfied and hence the model 
appears to be a valid one. However, the fact that the liner considered in this work 
is a thick polyurethane product, similar to PU 169, and is hence applied by spray 
lining, suggests that particular care is needed with the final assumption. By taking 
measurements of the material properties immediately following lining, and then 
again some 17 months later, they were able to quantify the ageing response of the 
polymer used. It was discovered that the material increased in strength and 
stiffness with time and that a small loss of ductility was also present. Isochronous 
creep plots were used to give an indication of the creep behaviour of the material, 
although in the paper no mention is made of the time at which the data are taken. 
After determining the material properties of the liner as mentioned above, a series 
of tests on representative systems were also carried out, in order to determine the 
effect of differing degrees of poor fit, bought about by increasing the size of an 
imperfection in the internal diameter. In this way it was shown that as the size of 
the imperfection increased, the failure pressure decreased in a linear relationship.
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This data was then used in conjunction with a mathematical model (based around 
the above assumptions) to derive a design curve for the pipe linings, for differing 
degrees of internal imperfection. In conclusion it is stated that the analysis 
required to enable the design curve to be produced was such that future research 
would be better invested in simplifying that, rather than in developing the same 
model for the new materials appearing.
In another paper. Boot et al. (2003) discuss a similar situation to that above, but 
the liner considered is a thin-walled polyethylene liner, rather than a spray liner, 
and it has been deliberately 'mis-fitted'. In this work Boot et al. (2003) assume 
that the initial elastic response of the polymer occurs at a time of one hour. 
However, at higher stress levels the material might fail before this time is reached 
and hence it is important to be able to determine whether or not creep conditions 
can be said to exist prior to this time. A comparison of data from their simple 
model and a finite element prediction of the same geometry gives good 
agreement. In Jerms jo f the liners under investigation here, it is only the 
presentation of the creep data that is of interest, since the paper considers non­
pressure systems.
Regarding work that has been carried out in order to quantify the behaviour of 
pressure pipe liners, and in particular interactive pressure pipe liners, there are two 
PhD theses and three papers that are of predominant interest. The PhD theses are 
by Guan (1993), considering the structural behaviour of thin-walled polymeric 
pipe liners; and by Toropova (1999), considering the ductile and brittle behaviour 
of polyethylene liners for water mains. The three papers arose from the work in 
these two PhD theses and consider the following:
• The structural behaviour of thin-walled liners (Boot, Guan and Toropova, 
(1996))
• The development of structural design guidelines for liners (Boot and 
Toropova, (1999))
• The behaviour of cross-linked polyethylene liners (Boot and Toropova, 
(2003))
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The lining company responsible for the installation of the liners considered in this 
work was Subterra (now called Enterprise), and they have also published their 
design guidelines, which give worked examples of the application of the design 
curves developed by Boot et al. (Subterra, 2001 (Subline); Subterra 2001 
(Rolldown)).
In the first paper (Boot et al., (1996)), which uses Rolldown, it is first stated that 
full-thickness pressure pipe is normally used, since there is no other rational basis 
for design. The first assumption made is that the host main is leaking, but 
structurally sound and thus that the main requirement on the liner, in structural 
terms, is the spanning of gaps (due to joints) or holes (due to corrosion) in the host 
main. It is then assumed that creep of the liner brings about a close-fit with the 
host main and thus that the host pipe carries all the loads, except those caused by 
joints and holes. It is also assumed that cyclic loads such as those caused by 
traffic loading and surge are second order effects. No basis is given for this 
assumption, and the work by O’Shea (2000) suggests _^that under some 
eircumstances, far from being a second order effect, traffic loading can be 
sufficient to precipitate failure of the cast-iron host pipe. In terms of the design 
procedures, a safety factor of 2 is suggested. The premise for the research, 
therefore, is that significant cost and material savings are possible should the 
design basis be rationalised. As the condition of a corrosion void is the most 
demanding, both physically and also analytically, this was the condition that the 
research focused on. MDPE is a ductile and flexible material (Hamouda et al., 
(2001)), therefore it is assumed that before failure under creep eonditions the 
polymeric material spanning the gap, see Figure 2.13, will have experienced 
significant strain in both the midspan and at the edges of the void.
Host Pipe
Interactive Liner Gap or Joint
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Host Pipe
/  Corrosion Void
Interactive Liner
Figure 2.13 Schematic representation of the gap-spanning and hole bridging criteria 
used by Boot et al., 1996.
Boot et al. (1996) hence stated that irrespective of the shape of the void failure 
occurs due to a combination of bending and membrane tension in the centre of the 
void and tension or transverse shear at its periphery. The main aim of the paper 
was to achieve estimates of the required liner thickness to survive the service 
conditions for a time interval of fifty years. Accordingly the work was divided 
into three main stages:
1. Determine relevant material constitutive properties.
2. Carry out short term tests to failure on representative systems, to indicate 
field performance and supply results against which to verify a 
mathematical model.
3. Develop a mathematical model to generate the fifty year behaviour, using 
a comparison with the short term tests for initial verification, before 
predicting long-term structural performance using the constitutive 
behaviour determined in the first stage.
Boot et al. state that the strength and stiffness and hence also the creep behaviour 
are strongly temperature dependent and vary significantly over the range of 
temperatures experienced in water mains (0-20°C). Since the polymer becomes 
stiffer and stronger as temperature decreases it was decided to undertake all 
testing at 20°C to give a worst case scenario, in terms of the creep performance 
(as typically the highest temperature that is reached by water in a main is around 
20°C). It therefore follows that at temperatures slightly above the 20°C limit, the 
properties could, potentially, be somewhat worse, i.e. the rate of accumulation of 
creep deformation could be greater.
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The model they developed takes account of the residual stresses in MDPE, in fact 
a new method of measuring the residual stresses in extruded polyethylene pipe 
was developed specifically for this purpose. It was shown that the residual 
stresses are in the region of -4.5 to +3.5 MPa; values that are significant, given 
that under typical service conditions, the material has a tensile yield stress of only 
18 MPa (Rigidex Data Sheets, private communication). The model they 
developed used both elasto-plastic and elasto-visco-plastic assumptions. This was 
because simple non-linear elastic approaches were not able to satisfactorily model 
the complex biaxial and triaxial stress states developed under service loadings. 
The elasto-plastic assumptions allow for the modelling of time-independent 
deformation , whilst the elasto-visco-plastic ones account for time dependent 
deformation (i.e. creep). The simplest of the available elasto-visco-plastic models 
is the Prandtl-Reuss model; which was applied to their material using a finite 
element procedure. The model assumes that the material is incompressible, and 
that the material behaviour is the same in both tension and compression. In a 
series of experiments reported later in the paper, it is shown that these 
assumptions are essentially valid. These tests also showed that the residual 
stresses had a marginal effect on long term performance in the membrane 
stressing criterion of interest, despite their relatively large size in comparison with 
the limit properties of the material.
Having established the constitutive properties of the material a series of tests to 
failure on lined samples were then carried out. These were designed to show the 
effect of differing degrees of 'serration' on the edges of the voids. In order to 
demonstrate this a series of what they term ‘tangs’ (sharp edged re-entrants) were 
left impinging into the gap or void to be investigated. The ‘tangs’ were located at 
the mid-point of the dimensions of the voids, such that they always had the most 
severe effect possible. It was found that the samples with the ‘tangs’ had similar 
failure pressures to their equivalent 'untanged' counterpart. Therefore it was taken 
that the negative effects of the stress concentration (resulting from the ‘tang’) on 
the performance of the liner were offset by the benefieial reduction in span caused 
by the tang. Furthermore, it was shown that failure pressure for circular and 
square voids, with the same principal dimensions, were similar. It was therefore
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assumed that an equivalent circular void, i.e. that circular void which has the same 
area as the actual design void, could be focused upon, for design purposes. It is 
not clear at what aspect ratio of void that this assumption ceases to be accurate.
No mention is made, though, of the effect of such ‘tangs’ on failure pressures with 
circular voids, such as corrosion holes, or on gaps, as opposed to voids. For 
completeness and accuracy, further work could include an examination of the 
effects of such ‘tangs’ on circular corrosion voids.
The short-term pressure tests were used to calibrate a mathematical model, 
developed using the finite element software package (ABAQUS). In the model a 
frictional interface, with a coefficient of friction, p, of 0.4 is described. Large 
deformations, characteristic of polymers under creep conditions, are permitted to 
accumulate in the liner. The creep data obtained earlier in their work were not 
considered appropriate for use in modelling deformation under the high strain 
rates experienced in the short term tests to failure. Consequently a series of 
tensile tests were carried out at strain rates similar to those experienced in the 
lining failure tests and used to develop an elastoplastic model. The model 
developed was in good agreement with the available experimental data. The 
initial design curve resulting from the model is given in Figure 2.14, below.
nominal stress level(MPa) 15 14.5 13.5
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Figure 2.14 The design curves developed by Boot et al., (1996)
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The three lines are an upper bound, a lower bound and a proposed solution, that 
Boot et al. (1996) suggest lies 'sensibly between the two bounds'. They judge that 
the latter represents a good estimate of creep life for practical purposes. The 
upper bound assumes that the liner follows the secondary creep path to failure, i.e. 
that failure is as slow as possible. The lower bound, in contrast, assumes that the 
onset of tertiary creep is followed instantaneously by liner failure. The figure 
shows that the difference between the two boundary conditions is not great, 
except for small gaps and thick liners (i.e. low D/t ratios), which are anyway 
outside the scope of the model.
In summary. Boot et al. (1996) state that the potential of thin-walled lining is 
clearly demonstrated. They highlight the following areas for future research:
• Establishment of long-term validity of the equivalent circular design void 
concept.
• Consideration of the effect of welds, notches and other installation 
methods (e.g. Subcoil) on the performance.
• Consideration of dynamic effects.
• Determination of the circumstances under which the host main can sustain 
the new stress distribution that develops after renovation.
In the next of their papers. Boot et al. (1999) consider the first two points, and 
extend their model accordingly. They do not, though, consider either dynamic 
effects, such as host main failure, or the ability of the host main to withstand the 
new loading regime.
The 1999 paper (Boot et al., (1999)) essentially refines the arguments and the 
model presented in the first paper. In addition, a series of experiments are 
presented, in which Subcoil, a liner that is installed in a different manner to the 
Rolldown used in the first paper, is used. The Subcoil is notched longitudinally at 
up to 10% wall thickness, to simulate scoring introduced by installation of the 
liner into a rough pipe. However, no work that considers the behaviour of the
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liner under dynamic conditions such as ring fracture, or joint movement is 
presented.
2.4,5 Limitations o f Existing Work
The published work of Boot et al., carried out at the University of Bradford, is 
primarily limited by two omissions. Firstly the work does not consider the 
dynamic situations that might occur during the lifetime of the pipe, or they are 
assumed to be second order effects, although no rationale is given for making this 
assumption. Secondly, the liners they study are typically designed to expand to a 
tight fit, under creep, caused by the hoop stress in the liner due to the pressure of 
the water carried in the pipe. The work does not consider the fact that the liners, 
in expanding to fit, will have reduced wall thickness and hence the SDR will 
change as the liner expands to fit. Furthermore, the internal bore of a main is 
known to vary (Marshall et al., 1998), particularly in old mains, and whilst the 
liner may typically have to expand to fit, there are also circumstances where it 
may not be able to fully revert, for example if a ferrule is protruding into the main 
more than usual. Under such circumstances, it is likely that a ridge will form 
along the internal bore of the liner, due to improper reversion. No account, or 
allowance, has been made for this possibility in the work of Boot.
The other work reviewed shows similar deficiencies, the principal issue, with the 
work by, for example, Thépot, is a lack of understanding, and investigation of, the 
behaviour of the liners under dynamic conditions that will occur during service. 
A further issue is that it is often gravity pipe liners that have been the subject of 
the research and hence their applicability to pressure pipe application can be 
limited.
2.4.6 Suggestions for Future Work
Based on the review of the available literature it was possible to identify a number 
of areas for more detailed investigation.
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1. To consider the behaviour of a pressure pipe liner under a dynamic failure 
condition, such as may occur during the lifetime of the as-lined system.
2. To determine the behaviour of a liner under conditions that may occur 
following such dynamic events.
3. Overall, to develop a more precise understanding of the service behaviour 
of pipe liners, in order to enable a greater future use.
In the remainder of the document a series of investigations are outlined and the 
results gained explained. The purpose of these investigations is to take the three 
key areas outlined above and to develop the overall understanding of the 
behaviour of liner technologies under a series of defined physical conditions that 
are likely to be experienced under field conditions.
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3. SURVIVABILITY STUDIES : EXPERIMENTAL 
PROCEDURE
3.1 Introduction
The aim of the current project was to evaluate the behaviour of interactive pipe 
liners under failure conditions, and, if possible, to subsequently use a knowledge 
of this behaviour to enhance the available predictive models (in particular that 
developed by Boot et al. (1996), such that they could incorporate failure 
behaviour. Such predictive models typically require materials property data, 
coupled with known physical relationships for their basic input. Therefore, a 
substantial amount of experimental work was undertaken to determine the 
material properties of the liner and the host pipe. Previous work in the literature 
(Boot et al., 1996) was used to help determine which properties were of the 
greatest relevance.
In the survivability studies discussed in this chapter, the aim of the experimental 
work was to determine the ability of different liner systems to withstand a ring 
fracture of the host pipe. Accordingly, a series of tests to failure of host pipe-liner 
systems were carried out. These were used to determine the ability of different 
liners to survive a ring fracture of the host main, which is considered to be a 
typical field service failure event. A series of subsidiary investigations were 
carried out alongside the work on liner system behaviour during ring fracture of 
the host-pipe, these enabled a more detailed analysis of the data gathered in the 
full-scale work to be undertaken. These subsidiary investigations considered the 
tensile behaviour of the cast iron itself, by using a series of tensile tests on 
specimens machined from the host-pipe wall. The microstructure of the cast iron 
was also examined using standard metallographic techniques. This was done to 
determine whether the microstructure of the cast material might account for the 
observed mechanical behaviour. Some tests were also conducted on un-supported 
liner material (Subcoil, in order to give an indication of how the liner might 
behave if the pipe were to fully corrode away over time.
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3.2 Materials Used
3.2.1 Cast Iron Host-Pipes
Rather than removing significant quantities of cast iron pipe from service 
underground, a series of new cast iron pipes were manufactured specifically for 
this work. The possibility of using pipe from the ground was considered but it 
was decided that this would be impractical for a number of reasons, the financial 
costs of excavating significant lengths of cast iron being the main one. A further 
reason is that cast iron from the ground may have been significantly weakened by 
in-service degradation. This could introduce an uncontrolled variability in 
strength and perhaps lead to a misrepresentation of the survivability of the liners, 
particularly if pipe in poor condition were used. Furthermore, there are many 
different types of cast iron used in the ground and it was likely that more than one 
would have ended up being used, if service pipe had been used. Indeed work 
carried out previously at the University of Surrey (Ford et al., (1999)) has shown 
that there may be a marked variation in failure strengths from nominally identical 
pieces of pipe extracted and tested from the same street, and even from adjacent 
sections. By using new pipe many of these issues of variability were avoided and 
it was hoped that a more repeatable material behaviour and hence a more 
controlled set of test results could be achieved.
The pipes used in this study were manufactured by Talbot Under Pressure 
Engineering, using a horizontal sand-casting method and were supplied in 1.8 m 
(6') lengths with flanges cast on each end and bolt-holes subsequently machined 
into the flange. The pipes were supplied with a nominal internal diameter of 100 
mm (4") and an external diameter of 125 mm (5"). Significant variation in wall 
thickness was observed following testing, this is discussed later.
A circumferential notch (nominal depth, a, 3 mm, root radius, p, 1 mm) was 
introduced into the wall of some of the samples at the mid-span to simulate a 
reduction in strength due to corrosion. The notch was created by machining the 
pipe on a lathe in the University of Surrey workshop, as shown in Figure 3.1.
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Pipes that were tested with a notch were given the designation N, whilst those 
without, i.e. as cast, were designated UN.
Figure 3.1 A pipe undergoing the notching operation in a lathe.
The notching operation proved complicated, since the pipes often had some 
ovality, with the consequence that the desired notch was difficult to create. 
Consequentially, it was necessary to measure depth of the original machined 
notch after failure of the pipe had occurred. The notch depth was found to vary 
between 2 mm and 5 mm. This meant that the strength reducing effect was not as 
uniform as would have been desired; nonetheless the required strength reducing 
effect was obtained. Following the failure initial tests it was observed that a 
number of the pipes had very eccentric internal and external diameters. Figure 3.2.
Figure 3.2 Photo showing the misalignment of the internal and external bore.
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In severe cases this resulted in the wall thickness being as low as 2-3 mm at some 
points around the wall. It was therefore decided to reduce the notch depth to a 
nominal 1 mm in order that the pipe wall would not be penetrated during the 
initial machining operation.
3.2.2 Liners Investigated
3.2.2.1 Background
At the start of the project, three different liner systems were considered for 
inclusion in the study. These were epoxy resin lining (designated EL), Plusliner 
(designated PL) and Subcoil (designated SC), along with an unlined control 
(designated UL). Both Plusliner and Subcoil are interactive liners, whereas the 
epoxy resin lining is a non-structural liner. Epoxy resin lining and Subcoil are 
both established systems and as such are currently used in the Thames Water 
region for pipeline renovation. In contrast, Plusliner is a product that is still under 
development, and as such is subject to commercial sensitivity regarding the 
materials used in its manufacture, their formulation and their physical and 
mechanical properties. Consequently, within this thesis, no reference is made to 
the materials from which Plusliner is made, or of their material properties, or the 
constituents of either Plusliner or its components.
Prior to the flexural testing of the lined host-pipe it was necessary to line cleaned 
sections of cast-iron host-pipe with the appropriate liner. These operations were 
carried out by Subterra (now called Enterprise^), a pipeline rehabilitation 
company, at their development yard in Dorset, UK. The cast-iron pipes were 
cleaned using a technique called power boring (or rack-feed boring). In this 
method, a pair of rotating steel flails is pushed through the pipe, removing any 
surface encrustation as they proceed along the pipe. During the operation, the 
main is flushed continuously with water to remove any debris. Figure 3.3 shows 
the rotating flails used in the power boring process and Figure 3.4 shows them 
about to enter a pipe.
 ^Enterprise, Dullar Lane, Sturminster Marshall, Wimbome, Dorset, BH21 4DA, UK.
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Figure 3.3 The rotating steel flails used in power boring.
«
Figure 3.4 The flails entering a pipe, at the beginning of the cleaning operation.
Following the rack-feed boring operation the internal bore was flushed with water 
and any remaining debris removed by driving a foam swab (known as a pig) 
through the pipe using compressed air, the compressed air connection assembly 
and the pig are shown in Figure 3.5.
Figure 3.5 Pipe with compressed air connection, and foam 'pig' behind it.
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The cleaned cast iron pipes were laid end-to-end in groups of twelve, and bolted 
together using the flanges at each pipe end. Figure 3.6 shows a joint between two 
sections.
. >v-
Figure 3.6 Photograph showing a joint between two pipes, consisting of two bolts.
Once the pipes had been joined together in a continuous line, as shown in the 
photograph in Figure 3.7, the appropriate lining operation could begin.
;  S u l i t e m i
Figure 3.7 Photograph of pipe sections, prior to lining.
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Each liner system had its own particular properties and precise installation 
technique, but the cleaning and joining steps outlined in the preceding text were 
kept essentially the same.
3.2.2.2 Epoxy Resin Lining
The epoxy resin used in this study was EEC 173/90, supplied by Subterra. EEC 
173/90 is a two-part epoxy resin material that is specifically formulated for use in 
potable water supply systems. It can be used in mains from 75-600 mm in 
diameter. Epoxy resins for the water industry are likely to experience significant 
variation in temperature and humidity during the curing step. The epoxy resin 
used here is considered to have reached full cure 16 hours after the lining 
operation. Once cured, it has a flexural strength in the order of 50 MPa and a 
flexural failure strain of around 2%, at room temperature.
The epoxy resin is applied to the inside surface of the cleaned pipe by pulling a 
rotating applicator head through the pipe. Figure 3.8. The applicator head is held 
in a bucket until the emerging mix is the correct colour, indicating the correct 
composition.
Figure 3.8 The rotating sprayhead.
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The two components of the mixture are fed unmixed to the applicator head along 
a heated supply hose, as shown in Figure 3.9.
Figure 3.9 The heated supply hose and the dummy winch head.
At the applicator head the two components are mixed in the required proportions 
and the head winched along the pipe. The speed at which the two components are 
pumped along the supply lines determines their relative proportions in the final 
mixture and the rate at which the applicator head is winched through the pipe 
governs the final thickness to which the liner is applied. In this work the industry 
standard thickness of 1 mm of epoxy was used. This was applied to a required 
tolerance of ± 0.15 mm, which was in fact achieved. Once the liner has been 
sprayed onto the pipe wall, as shown in Figure 3.10, it is necessary to allow it to 
cure in order for sufficient mechanical strength to be reached.
Figure 3.10 A completed epoxy resin lining job.
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The epoxy used in this work takes about 4 hours to become ‘touch’ dry (at 20 °C), 
but the Drinking Water Inspectorate (DWI - the body that regulates the 
composition of water) stipulate a sixteen hour period as a minimum before 
reconnection. Figure 3.11 shows a representation of the development of the 
measured Barcol hardness, over curing time at 25 °C. It is clear that by 16 hours 
the material has largely reached its final hardness.
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Figure 3.11 Plot showing hardness of coating against cure time at 25 “C (reproduced
from Subterra ELC 257/91 brochure, 1998).
Following lining (and curing) a visual inspection of each lined pipe was carried 
out in order to ensure that the liner was free of defects. In this work, it was 
considered sufficient to examine the 300 mm or so of the coating that were visible 
at either end of the pipes, since the conditions in which the lining operation was 
carried out were very good. In the field, though, it is usual to carry out a CCTV 
inspection, in order to ensure that the correct quality of lining is applied. The 
industry literature states that the liner can be installed satisfactorily in the range of 
temperatures from 3 -2 5  °C.
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3.2.2.3 Plusliner
Plusliner is a developmental liner in that it is still in the early stages of its 
commercial development and is not yet approved by the DWI for potable water 
use. It consists of a continuous sleeve of a tough polymer material that forms a 
liner upon installation in the host-pipe. The liner is installed by an 'inversion' 
procedure, from within a drum, shown in Figure 3.12.
; ^ fl[ ■ , I J
V . '  W
Figure 3.12 The Plusliner installation drum.
Once fully installed along the length of pipe being lined, the liner emerges as 
shown in Figure 3.13.
Figure 3.13 Plusliner emerging from the pipe, following installation.
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Once the lining operation is completed, the liner is cut to length, and the excess 
removed. Figure 3.14 shows the appearance of the installed liner following this 
operation.
e
#
Figure 3.14 Photograph of Plusliner prior to end termination.
Following the trimming operation, the liner is then fitted with a spring steel 
surclip, using an expanding boss and a wedge to hold it in place. This surclip 
maintains the seal between the end of the liner and the host cast iron main, 
ensuring that water cannot seep into the annular space. Figure 3.15 shows the 
expanding boss and the steel surclip, whilst Figure 3.16 shows the liner following 
removal of the boss, with the liner, surclip and wedge in place.
XT
Figure 3.15 Photograph of the expanding boss used to seal the liner end, the surclip is 
around its outer edge.
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Figure 3.16 Photograph of the completed end termination, the wedge that holds the 
surclip in its expanded position is clearly visible at the top of the internal 
bore.
As before, following installation the liner was examined visually in order to make 
sure that it was free of any defects.
3.2.2.4 Subcoil
Subcoil is a medium density polyethylene. Medium Density Polyethylene 
(MDPE, or PE-80) is a semi-crystalline polyolefin. It typically has a Vicat 
softening temperature of around 116 °C and a melting point of around 126 °C 
(Boot et al., 1996). The glass transition temperature of the polymer is around - 
70°C. It has a tensile yield stress, Oy, of about 18 MPa and a yield strain of around 
9% at 20 °C. At normal service temperatures (4-20 °C), the material is extremely 
ductile, with a strain to failure in excess of 600%. However, the material is 
designed to operate well within this strain, under normal circumstances. 
Following production by extrusion the liner is folded into the characteristic 'C- 
shape and retained in place using an outer sleeve of 0.1 mm thick polyethylene. 
This retaining sleeve also serves to protect the liner during transport and 
installation, minimising the chance of premature failure due to handling 
difficulties.
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Prior to the installation of Subcoil the cast iron pipes had their flanges removed 
using a disc cutter, in order to enable the standard Viking-Johnson Linergrip end 
terminations that are used to join the end of the liner to other fittings to be 
accommodated. Instead of being bolted together at the flanges, the pipes were 
laid in a line, with a gap between each pipe of around 300 mm, to allow space for 
the two liner grips that were to be attached to each pipe.
i Î
Figure 3.17 Photograph showing the 'string' of cast iron pipes following lining with 
Subcoil.
An appropriate length of Subcoil was then winched through the pipes. Figure 
3.17, and reverted to a close-fit within the host pipe, using mains water pressure. 
Figure 3.18 shows the valving arrangement used to supply the water, and the 
pressure gauge used to monitor the pressure. Figure 3.19 shows the lined pipe at 
various stages during the reversion process.
EngD Portfolio -  Volume I 84
Benjamin B. Crunkhom Survivability Studies -  Experimental Procedure
Figure 3.18 Photograph showing the valving arrangement used to revert the Subcoil 
liner.
Figure 3.19 Series of photographs showing a) subcoil unreverted, b) subcoil partially 
reverted and c) subcoil fully reverted.
Following reversion the pipes were separated at the joints by sawing the liner 
using a hand saw. The lined sections were then visually inspected to ensure that 
the liner was correctly installed and essentially free of unacceptable defects.
Once lined sections of pipe were obtained for each of the three liners, they were 
transported to the University of Surrey, prior to undergoing flexural testing.
EngD Portfolio -  Volume I 85
Benjamin B. Crunkhom Survivability Studies -  Experimental Procedure
3.3 Material Characterisation
3.3.1 Microstructure o f Cast Iron
A sample cast iron pipe was selected for microstructural analysis. Initially, a ring 
of material of approximately 25 mm long x 125 mm diameter x 10 mm wide was 
taken from the pipe. A Discotom disc cutter with a water coolant/lubricant was 
then used to section appropriately sized specimens from the pipe, allowing for 
mounting in standard graphite filled Bakelite. Since the mounting process is heat 
driven it was necessary that samples were not so large as to act as heat sinks. This 
would prevent the Bakelite from melting properly, leading to incomplete 
encapsulation of the specimens.. Samples were chosen in both the transverse and 
axial alignments, with respect to the pipe length, in order that any directional 
effects within the original microstructure could be identified. The mounted 
samples were polished to a mirror finish using the grinding and polishing schedule 
given in Table 1 below, prior to microscopic analysis.
Table 3.1 Grinding and polishing schedules used for preparing the cast iron samples
for microstructural analysis.
Grinding I II III IV
Equipment Planapol/ Pedemax
Specimen Holder Six specimen
Disc/Cloth
Grinding Media Silicon 
Carbide (SiC)
SiC SiC SiC
Grit Size 120 320 500 1200/2400
Lubricant Water Water Water Water
Speed (rpm) 300 300 300 300
Pressure (N) 120 (level 4) 120 (level 4) 120 (level 4) 120 (level 4)
time (s) until plane 120 120 120
Polishing I II HI IV
Equipment Planapol / Pedemax
Specimen Holder Six specimen
Polishing Cloth DP-DUR DP-DUR DP-MOL OP-CHEM
Polishing Media Diamond Diamond Diamond Diamond
Grain 6 micron 3 micron 1 micron 0.25 micron
Lubricant Blue Blue Blue Blue
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Speed (rpm) 150 150 150 150
Pressure (N) 120 (level 4) 120 (level 4) 90 (level 3) 90 (level 3)
time (s) 120 120 120 30
An alcohol-based ‘blue’ lubricant is preferred to a water-based lubricant, since 
this helped to minimise smearing during polishing. In polishing steps I and II a 
DP-DUR cloth is used, this cloth is a woven natural silk cloth and is 
recommended for use with ferrous materials. The MOL cloth, used in step III is a 
taffeta woven wool cloth, recommended for fine polishing of ferrous materials, 
whilst the OP-CHEM cloth is designed for final polishing of all materials and is of 
porous neoprene construction.
Samples were initially examined in their un-etched state under an Axiophot light 
microscope using unfiltered light. Photomicrographs were obtained for record 
purposes using an attached colour digital camera with 1 megapixel resolution. 
Following this initial examination the samples were then etched in a 2 % Nital 
acid etch, for a few seconds, and microscopic analysis subsequently undertaken 
using the same system as above. In order to accurately determine the 
magnification factor within each image it was necessary to take photographs of a 
calibrated graticule under the same conditions. The use of this laser-etched 
graticule enabled the accurate measurement of distances within the photographs, 
ensuring that the final scale bars included are correct.
As expected the microstructural analysis carried out on the pipe material showed 
acicular graphite flake and rosettes of graphite flakes. These features are typical 
of a horizontally cast grey iron, such as that being investigated. Not surprisingly, 
these features are also commonly found in pipe extracted from the ground that is 
made of the same material manufactured in the same way. 3.20 shows a typical 
area of the un-etched microstructure. Figure 3.21 shows the same area as Figure 
3.20, but the microstructure has been etched using 2 % Nital.
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Figure 3.20 Micrograph showing a polished section of un-etched cast iron
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Figure 3.21 Micrograph showing the same section of cast iron as in Figure 3.20 (above) 
after etching with 2% Nital.
From Figure 3.20 it can be seen that graphite flakes are present in three different 
morphologies, namely acicular (top right of picture), scythe shaped (central 
region) and rosette (top left). These different microstructures are thought to result 
from differing cooling rates being experienced across the pipe seetion. From 
Figure 3.21 it would appear that the microstructure is predominantly pearlitic. 
This is confirmed in Figure 3.22, which shows a pearlitic region at higher 
magnification.
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Figure 3.22 Photomicrograph depicting regions of pearlite within the etched 
microstructure of the pipe material.
Some directional effects were also observed. Tramlines', Figure 3.23, are 
longitudinal features caused by the range of cooling gradients experienced across 
the section and are frequently seen in castings where the principal axis of the 
casting is larger than the other dimensions (Angus, (1976)).
*
25 pm
Figure 3.23 Polished section of un-etched cast iron sample. Note the ’tramline' effect of 
the graphite formation.
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3,3,2 Tensile Testing o f Cast Iron
Three pipes from the initial set of pipes were selected for stress-strain analysis, 
using a simple uniaxial tensile testing arrangement. The pipes are identified by a 
three or four letter code, and a number. The first two digits reflect the liner used. 
Epoxy Resin (EL), Plusliner (PL), Subcoil (SC) or Un-lined (UL), whilst the 
second two reflect whether (N) or not (UN) the pipe had a notch introduced into 
its wall. The pipes chosen were ULUN3, ULUN5 and ULNl. Four tensile test 
coupons complying with BS EN 10002-1:2001 were machined from each pipe. 
The samples had a standard 'dog-bone' geometry , with a gauge length, L, of 39 
mm, and gauge dimensions of width, w, 10 mm and thickness, t, 5 mm. Figure 
3.24. The coupons were machined from sections of material taken from the ends 
of pipes that had been tested in bending, in accordance with Section 3.4, e.g. 
material that was essentially un-stressed during the initial bending tests.
20 mm
t, 5 mm
L, 40 mm
w, 10 mm
Strain gauges
Figure 3.24 Schematic representation of the tensile test piece used to determine the 
stress-strain behaviour of the cast iron.
An 8 mm long, 120 Q electrical resistance strain gauge was applied to each face 
of the gauge length, located at its midsection and aligned parallel to the gauge 
length. Each gauge was connected to a datalogger system via an independent 
quarter bridge arrangement, which allowed strain to be accurately determined for 
the surface considered. The samples were gauged on both faces in order to verify 
that the sample was loaded in pure tension, and that no bending or torsional forces 
were experienced. Such behaviour during a tensile test is shown by a mismatch in 
the strains measured on either side of the sample. Torsional or flexural forces
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during a uniaxial tensile test may be caused by grip misalignment, machine 
flexibility, improper sample loading or imperfect specimen geometry; the use of 
ball-jointed grips, as employed in this work, can minimise these effects.
The samples were tested to failure in an Instron 5500 testing machine, using 
standard self-tightening grips. The samples were loaded in displacement 
controlled loading at a rate of 0.1 mm/min, a rate chosen to reflect that used in the 
flexural tests, discussed in Section 3.4. The applied load was recorded by the 
Instron data logging software. Strain was recorded using a Measurements Group 
System 5000 datalogger, with an attached PC for data storage and analysis. Data 
were recorded at a rate of one reading per second. Following failure the samples 
were analysed visually to determine whether any obvious defect was apparent that 
may have precipitated failure. It was noted that all of the samples tested failed 
within the gauge length. The stress-strain behaviour was subsequently considered 
and compared to the flexural stress-strain data. The comparison between the 
tensile behaviour of a test specimen and the flexural behaviour of a pipe for the 
cast iron used in this work is complicated, due to the non-linear behaviour of the 
material, and is discussed in Chapter 4.
3.4 Flexural Testing of Lined Cast Iron Pipes
3.4,1 Introduction
A series of bending tests to failure were carried out on samples of lined cast-iron 
pipe using a computer controlled Instron 8800 servo-hydraulic testing machine, 
based within the Department of Civil Engineering at the University of Surrey. 
The test machine has a loading capacity of 1 MN and a full scale cross-head 
deflection of 110 mm. It was decided to test the samples in four-point bending in 
common with previous work carried out by Ford et al. (1999) at the University of 
Surrey. To this end four steel supports were manufactured, with semicircular 
seatings for the pipes. A fibre reinforced rubber strip was placed between the pipe 
and the supports to facilitate load transfer from the supports to the pipe. Figure 
3.25 shows a close up of the support arrangement.
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Figure 3.25 Photograph of the machined steel support used in the flexural tests.
Pipes were tested in four-point bending under displacement controlled loading. 
Figure 3.26 shows a photograph of the flexural testing arrangement used.
Figure 3.26 The four-point bending arrangement used in this work.
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The four point bending geometry, Figure 3.27, was chosen since the maximum 
bending moment, and hence the maximum gross stress (the stress at the outer 
fibres of the beam) is, in theory, experienced over the gauge length between the 
central supports. This increased the chance of finding a critical defect within the 
volume of material experiencing maximum stress, making the strength values 
more likely to accurately represent a realistic minimum strength of the 
component.
^  6 0 0  m m  ^
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Figure 3.27 Schematic representation of the four point bending geometry.
Due to the high failure loads, of up to -300 kN it was necessary to consider the 
consequences of pipe failure from a health and safety point of view. A 
polycarbonate safety screen was used in order to prevent injury from any 
fragments of metal released by the failure event. Following failure of a pipe there 
is a release of stored elastic energy leading to significant motion of the two pipe 
halves. In order to maintain safety, and also to minimise the risk of liner damage, 
it was necessary to restrict this post-failure movement. The movement was 
restricted in two ways. Firstly, the software controller of the Instron testing 
machine was set to stop the cross-head moving at the moment of failure, thus 
causing the pipe to be restrained at its middle by the machine, preventing upward 
motion. Secondly, solid steel bar of approximately 1.5 m length and 50 mm 
diameter was inserted into the pipe during the test. This enabled the pipe to break 
unhindered but restricted the motion of the pipe at its ends following fracture. 
The bar and the general testing arrangement are shown in Figure 3.28.
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Figure 3.28 Photograph of the dry test set up, showing the steel restraining bar inside 
the pipe.
Displacement-controlled loading was chosen for these experiments since it is 
thought to be more representative of the situation that a pipe may actually 
experience in the ground. The forces that develop in a pipe wall eventually 
ending in a flexural failure might result from two sources. Firstly, a traffic 
loading, or similar event, in which a load is rapidly transmitted to the pipe and 
results in the instantaneous failure of the pipe, under these conditions the load 
required to simulate this effect would be load controlled. However, it is normally 
a build of stress over time, coupled with degradation and perhaps exacerbated, 
finally, by a shock event as described above that precipitates the failure of a main. 
The gradual build up of load around the pipe over time, due to soil movement, is a 
characteristic feature of more expansive soils, such as London clay (O’Shea, 
(2000)).
Initially, the pipes were tested without applied water pressure; this was necessary 
to give confidence in the liners and the test methodology. Once it had been 
established that the liners could survive dry testing, it was decided to subject them 
to the more demanding condition of bending failure, with applied internal water 
pressure. The application of water pressure was important for two reasons. 
Firstly, under applied water pressure there is likely to be a greater level of 
interaction between the liners (particularly the interactive ones) and the host main.
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which may affect the failure. Secondly, the applied internal water pressure will 
lead to increased stresses (both in the longitudinal and hoop orientations) within 
the material, lessening the ability of the material to withstand further applied 
stress. The liner was deemed to have survived if it had no apparent perforation 
following failure. This was more readily determined in tests with applied water 
pressure, since such perforations manifested themselves as leaks. The 10 bar 
pressure used was applied using a hand pump. Figure 3.29, below, shows a 
schematic representation of the arrangement used to apply water pressure to the 
pipes.
End Flange 
Liner
Host Pipe
Hand Pump
Pressure 
Relief Valve 
(@ 8 bar)
Figure 3.29 Schematic diagram showing pressure application apparatus, the release 
valve set to 8 bar.
In the wet tests, the pipes were first end terminated at one end. They were then 
stood on their other end and filled with water. The pipe was subsequently sealed 
using a blank flange with a valve for the pressure system, and a standard 8-bolt 
pack (consisting of eight nuts and bolts and a rubber gasket). Once sealed, the 
pipes were taken to the testing machine and loaded in. The pipes were around 
1800 mm long and had a nominal internal and external diameter of 100 mm and 
125 mm respectively. The cross-head was bought into position such that a load 
was just beginning to register on the load cell. This signified that the correct 
intimate contact between the loading points and the specimen had been achieved. 
The test was then commenced.
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Given the specimen geometry and experimental arrangements, the available room 
for expansion of the liner under the applied internal pressure was very limited and 
hence a hand pump was more than adequate for applying the pressure and 
required very little monitoring to ensure that the test pressure was maintained at a 
constant value of 10 bar.
In order to contain any water released as a result of the host-pipe failure a 
containment box was built. The purpose of which was to allow the tests to be 
observed whilst containing the water. Due to the sensitivity of the test apparatus 
to water this containment box was of critical importance. The water containment 
box was designed using materials with a low stiffness but a high impact 
resistance, so that if the restraining bar failed and the pipe ends moved in an 
unrestricted manner, the box would be able to resist any impact whilst retaining its 
integrity. The bottom and ends of the box were made from polyurethane plate, 
whilst the sides and lid were made of Perspex (Polymethylmethacrylate, PMMA). 
The polyurethane plate provided stiffness and the Perspex sides allowed for safe, 
reliable water containment, whilst being transparent and hence permitting video 
recording and still photography of the in-situ pipe during testing. In practice, the 
central steel restraining bar never failed and hence the impact resistance of the box 
was never fully tested. Figure 3.30 below shows a diagram of the box, and a 
photograph of a test with the box in place. Aside from containing any water 
released as a result of host-pipe failure the polycarbonate box was designed not to 
affect the application of load to the specimens. The water containment box used 
is shown photographically and schematically in Figure 3.30.
a)
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Figure 3.30
SuppOfB
b)
The water containment box, a) photographically and b) schematically.
In this work four different liner cases were considered. These were an unlined 
cast iron pipe, designated UL, and pipes lined with epoxy resin lining, Plusliner 
(new development) and Subcoil, denoted EL, ND and SC respectively. Each 
permutation of liner and applied water pressure was tested at least three times. 
The results are presented and discussed in chapter 4. In the next sections a 
detailed test methodology for both tests without (termed 'dry' tests) and with water 
(wet tests) are presented for completeness.
3,4,2 Dry Test Methodology
The Instron 8800 servo-hydraulic testing machine was activated and the test 
protocol programmed into the computer controlled machine driver software. This 
software controls the rate of deflection, or the rate of loading, depending upon set­
up. In this case a rate of 1 mm min"' was chosen. This meant that the software 
would control the speed of displacement of the cross-head and hence that the tests 
were displacement controlled, as opposed to load controlled. It was important, 
prior to testing, to ensure that the load cell was calibrated and that the limits were 
activated as these prevent any damage occurring to the load cell due to incorrect 
programming, or software errors. The loading rate of 1 mm min'* was chosen in 
order to keep the test time within reasonable limits; given the set-up times 
involved. Prior to loading the pipe into the rig, the load cell reading was zeroed.
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this allowed for the loads generated during installation and set-up of the test to 
also be measured, thus ensuring that the test results were as accurate as possible.
The lined pipe was placed into the bottom supports of the machine. The steel 
restraining bar was then inserted, to ensure that any errors during set-up could not 
damage the machine. The top two supports that were mounted on the I-beam 
were subsequently lowered carefully into position, such that minimal contact was 
achieved between the four supports and the host-pipe, i.e. that the set-up was 
'tight', but no significant load was being applied to the pipe. At this point the 
displacement was zeroed. This ensured that subsequent use of the cross-head 
displacement measurements, that would be recorded during the tests, was as 
straightforward as possible.
The test was then commenced. The sample was deflected at the desired rate until 
failure, whereupon the test stopped automatically. The pipe halves (where the 
liner had totally failed) or the lined pipe were then removed from the rig and 
retained for later analysis. The top and bottom of each pipe were marked clearly 
to ensure that subsequent measurements of the section properties were accurately 
recorded. The section properties were measured using a Vernier calliper and 
recorded in a Microsoft Excel spreadsheet to facilitate subsequent analysis.
3.4,3 Wet Test Methodology
The wet test methodology was essentially identical to that for the dry tests, but 
with some key additions.
Prior to loading into the rig the pipe was sealed at one end using a blank flange 
and an end termination, where appropriate. The pipe was then stood on its end, 
filled with water and the steel restraining bar inserted into the pipe, at this point 
the second flange was attached, taking care to ensure that no air was trapped in the 
system.
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The wet tests also involved the use of the water containment box, which was fitted 
in two parts. The bottom was essentially a tank with transparent sides, as 
described earlier, and depicted in Figure 3.30, whilst the top was designed such 
that a snug fit over the I-beam was obtained, without interfering with it during 
testing. Figure 3.31 demonstrates that following a test where water was released, 
none of it escaped onto the machine test bed itself.
Figure 3.31 Close-up of a failed lined pipe in the bottom half of the containment box.
The load and extension were calibrated in the same way as the dry tests and the 
tests carried out as before. At the end of the test the containment box was emptied 
if the liner had failed, and if not the pipe was disassembled outside, minimising 
risk to the sensitive electronics of the test apparatus.
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4. SURVIVABILITY STUDIES : DISCUSSION OF 
RESULTS AND CONCLUSIONS
4.1 Introduction
This chapter discusses the results of the experimental work described in Chapter 
3. Section 4.2 discusses the material properties of the various materials 
considered during the test programme.
Section 4.3 considers the behaviour of liner-host pipe systems under a flexural 
failure criterion. In Section 4.4 a comparison is made between data obtained 
during tensile tests and that obtained during flexural tests. Finally, in Section 4.5, 
conclusions are drawn from this phase of the work and the direction in which the 
project subsequently progressed is outlined
4.2 Material Characterisation
4.2,1 Stress-Strain Behaviour o f Cast Iron
Figure 4.1 shows stress-strain data for the 12 cast iron tensile samples tested. 
Four samples were tested from each of three pipes; the notation in Figure 4.1 
cross-references the corresponding pipe test from which the cast iron specimen 
was cut. It can be seen that the behaviour is non-linear. This behaviour is 
sometimes found in cast iron, particularly where acicular graphite is present 
(Angus (1976)). The typical microstructure of the cast iron used in this work is 
shown in Figure 4.2.
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Figure 4.1 Plot of stress against strain for the twelve test pieces, tested in uniaxial 
tension.
This particular graphite morphology may create stress concentrations at the tips of 
the graphite flakes, leading to localised micro-plasticity within the iron matrix and 
subsequently to non-linearity in the bulk material.
The stress-strain response of samples taken from a given pipe show consistent 
behaviour although there is some variability in the behaviour of samples taken 
from different pipes. Such variation seems reasonable, bearing in mind the pipes 
were manufactured in batches (ULNl was from one batch whilst pipes ULUN3W 
and ULUN5W were from another batch) and that there is an inherent variability in 
the material response, which depends upon the exact composition and processing.
Figure 4.2 Micrograph showing a polished section of un-etched cast iron
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Figure 4.3 and Figure 4.4 show comparisons between the measured tensile 
properties of the material used in this work and published data for a similar 
material obtained from the literature. Figure 4.3 shows the stress-strain 
behaviour, while Figure 4.4 shows variation in secant Young's modulus as a 
function of applied strain.
200
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—  Experimental Data (ULNl)
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Figure 4.3 Stress-strain plots for three different cast iron materials, a literature
benchmark (Angus, (1976)), and two sets of typical experimental data from 
the present work.
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Figure 4.4 Variation of secant modulus with applied stress, showing both experimental 
and literature data (from Angus, (1976)).
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Figure 4.3 and Figure 4.4 show clearly the non-linear behaviour of the material 
used for the present work. At low strains the behaviour appears similar to 
published data, but it diverges at higher strains.
This marked non-linearity in the stress-strain response makes determining the 
Young's Modulus of the material complicated. This complication arises because 
for a non-linear material, the gradient of the stress-strain curve at any point may 
only be obtained by drawing a tangent at that point and hence is only a reflection 
of the gradient at that point. However, there are a number of methods that can be 
used to obtain a measure of the Young's modulus, even for a non-linear stress- 
strain curve, such as that developed in this work. The approach adopted here was 
to fit a fifth order polynomial equation to the stress-strain curve and then 
determine analytically the value of the slope at the origin. Figure 4.5 shows a 
tensile stress-strain plot for one of the uniaxial test pieces, in this case ULNlW-1. 
The thick line represents the experimental data and the black line is the line 
developed by fitting the polynomial. These curvefits were generated using 
Microsoft Excel and it can be seen that the fit within the range of interest is 
extremely good with an value of 1.00.
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120 J
_  100
60 4
ULNlW -1 
—  Curve Fit
y = 1E+I3x^ - 3E+1 Ix^ + 4E+09x^ - 2E+07x^ + 76599x + 1.8077
0.010.001 0.002 0.003 0.004 0.005 0.006 0.008 0.0090 0.007
Strain
Figure 4.5 Graph showing the accuracy of the curve-fitting procedure used to 
determine the initial modulus.
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The resulting values of E, which are given by the first order term in the equation 
generated by the curve fit for each specimen, are shown in Table 4.1. Again it can 
be seen that whilst the data from each pipe are consistent, the consistency between 
individual pipes is less absolute; for example, material from pipe ULNIW has a 
lower stiffness (as was also apparent from the stress-strain data).
Table 4.1 Young's Modulus (in GPA) values obtained from the tensile specimens
Pipe
Sample
ULNIW ULUN3W ULUN5W
1 76.6 99.9 92.4
2 71.4 90.0 833
3 76.4 97.1 862
4 75.9 892 91.0
Mean 75.1 ±2.1 94.1 ±4.6 88.2 ±3.7
Mean and 
standard 
deviation 85.7 ±9.1
Material non-linearity will also influence the response of the pipes loaded in 
flexure. Hence in the next section the modifications made to a simple elastic 
bending approach to enable the non-linearity of the cast iron used to be taken into 
account are outlined.
4.3 Flexural Testing of Lined Cast Iron Pipes
4.3,1 Introduction
Beam bending is typically explained using an approach based on simple linear 
elastic assumptions. However, in the case of materials with a significantly non­
linear behaviour, using a simple elastic bending approach may not provide 
sufficient accuracy.
For the sake of simplicity it was initially assumed that the material was linear 
elastic, since cast iron structures and components often exhibit pseudo-linear
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elastic behaviour up to failure. However, the results of the initial linear elastic 
analysis suggested that predicting the non-linear stress-strain behaviour of the cast 
iron would necessitate using a modified linear elastic theory with some non-linear 
elements to accurately predict the bending behaviour of the pies under the test 
conditions. Accordingly in the following sections the initial linear elastic and 
subsequent non-linear approach are presented.
The linear elastic approach was useful in determining the effect of section 
properties (such as asymmetry of internal bore) on the overall bending behaviour 
of the pipe. It also gave an upper bound to the strength of a pipe. This was useful 
in determining the highest loads that are likely to be survived by a pipe in the 
ground. The non-linear approach, though, allowed a more accurate model to be 
developed for predicting the response of a defined structure (in this case, a pipe) 
to a given load.
4.3,2 Theoretical Considerations
4.3.2.1 Elastic Analysis
Standard bending theory states that (see, for example, Ashby, 1999):
M cr E
—  =  — =  —  Equation 4.1
I y R
where, a  is the stress in the beam at a distance, y, from the neutral axis of the 
section. E is the Young's Modulus of the material and R is the radius of curvature 
to which the beam is deflected. M is the applied bending moment and for four 
point bending geometry illustrated in Figure 4.6 is given by M = FL/8., where F is 
the applied force and L is the span between the two outer supports. The parameter 
I denotes the second moment of area of the section about its neutral axis.
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Figure 4.6 Schematic representation of the four point bending geometry.
For a symmetrical pipe (a thick-walled eylinder), where the internal and external 
diameters are coneentrie, the neutral axis is loeated at the mid-section and I is 
given by (Ashby, (1999)):
Equation 4.2
where do and di are the outer and inner diameters of the pipe, respectively.
However, Figure 4.7 shows that for the pipe samples tested circumference of the 
internal and external surfaces were not neeessarily concentric. As a consequence, 
it was necessary to modify the above approach in order to allow for this. This was 
achieved by making use of the parallel axis theorem. This allows a shift in the 
position of the neutral axis of a section due to asymmetry to be accounted for. In 
order to find the location of the neutral axis of the section, it was necessary to 
assume that the thickest part of the section is always at the bottom and that the 
pipe consists of a circle located within a circle, i.e. the pipe section has no 
significant ovality. The first assumption is reasonable, since the thickest part of 
the section is also the heaviest and hence likely to naturally orient itself to the 
lowest point. Figure 4.7, which shows a typical pipe failure surface with circles 
superimposed over the internal and external eireumference of the pipe wall. This 
demonstrates that the second assumption, that the pipe section is essentially
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circular, also appears justified. Figure 4.8 shows the geometrical idealisation used 
in the subsequent calculations.
Figure 4.7 Photograph of a pipe, showing that both the internal and external 
circumferences of the pipe wall are circular, but non-concentric.
y  lies in this region
Figure 4.8 Schematic representation of the pipe dimensions used in this work.
The positions of the neutral axes, and y . , of the two circles of diameter do and 
di are given by d(/2 and (tr + d/2) respectively, relative to the bottom surface of 
the pipe. The value of y  for the pipe section as a whole, is therefore given by:
Equation 4.3
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whereto = Tïdo^ /4 and Ai = 7vd /^4
The second moment of area of a section may be calculated using the following 
general formula:
^pipe -  ~  ^ 4  Equation 4.4
where:
Ip ipe = second moment of area of pipe.
I = second moment of area of external eireumference.
= second moment of area of internal circumference.
Equation 5 below is the general equation for parallel axis theorem.
^N .A . -  ^centroid +  Equation 4.5
where:
I n .a . -  second moment of area of the section about its neutral axis.
Icentroid = secoud moment of area of the section about its centroid.
A = area of section.
h = distance of the centroid from the neutral axis.
The final expression for the second moment of area of an asymmetric pipe, 
resulting from combining Equation 4.4 and Equation 4.5 is given in Equation 4.6, 
below.
^  pipe ^A^centroid + ( t  “ To ) “ ^A,centroid + 4  ( t  “ T/ )  ] Equation 4.6
where Iji^ centroid I  ^.centroid fhc momcnts of area of the individual circles
about their centroids.
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Combining Equation 4.1, Equation 4.3 and Equation 4.6 allows the theoretieal 
maximum tensile stress in the pipe at failure to be determined from:
(T =max j Equation 4.7
In earlier reports of part of this study (Crunkhom et ah, (2004)), the approach 
above was used to analyse the test data. However, as seen previously, the tensile 
behaviour of the east iron is non-linear (Figure 4.2) and henee modified methods 
have to be used to analyse the data more fully. The aim of the modified analysis 
is two-fold, to determine the moment-curvature relationship and to more 
aceurately estimate the stress in the cast iron when the pipe fraetures. The results 
of this analysis, apart from allowing a value of the gross stress in the pipe wall at 
failure to be found, also allowed a sensitivity analysis to be carried out on the 
effeets of the asymmetry of the internal bore. Figure 4.9, shows such an analysis. 
The square markers represent the predieted failure stress if the inner and outer 
walls of the pipe are both eoncentric and cireular, whilst the diamond-shaped 
markers represent the predicted failure stress if the asymmetry observed in Figure 
4.7 is aeeounted for using the approach outlined above.
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I I Z  Z
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i i CJ c/3f I
Figure 4.9 Sensitivity analysis for the asymmetry of a cast iron pipe, showing results 
for both theoretical symmetrical pipes (pink markers), and actual 
asymmetric pipes (blue markers).
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It can be seen from Figure 4.9 that the asymmetry of the alignment of the internal 
bore, with respect to the external bore has a relatively small effect on the 
calculated stress value. The maximum variation is experienced for very 
asymmetrical sections, which were not encountered very often. Even in these 
cases, the difference between the asymmetrical and symmetrical failure stresses is 
only some 10%.
The observation that the asymmetry of the pipe has little effect on the calculated 
failure stress is significant. As a consequence, for simplicity in the non-linear 
approach, detailed in the next section, it was assumed that the pipe section is fully 
symmetrical for the purposes of the calculations.
4.3.2.2 Moment-Curvature Prediction Using a Non-Linear Approach
For the four-point bending geometry (Figure 4.6) used in this work, the applied 
bending moment may be found using Equation 4.8.
M  = ---- Equation 4.8
where, F  is the applied force and L is the length of the specimen.
Assuming that plane sections remain plane, the strain at distance y  from the 
neutral axis of the pipe is related to the curvature of the pipe, k:, by Equation 4.9.
8 =  yK Equation 4.9
The curvature (not to be confused with the radius of curvature, R) can therefore be 
determined experimentally from surface strain measurements using Equation 4.10
K =   ^  ^ Equation 4.10
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where et is the (top surface) tensile strain, ec is the (bottom surface) compressive 
strain and D is the external diameter of the pipe.
As noted in the previous section, the experimental tensile stress-strain data for the 
cast iron could be accurately modelled by a fifth order polynomial curve, i.e.:
C — "b Cj8 + C( Equation 4.11
Where Co,... Cj are constants derived from the fitting routine. 
Combining Equation 4.9 and Equation 4.11 gives.
a  = C,y'K^ +C"y^K" +C,yK + C, Equation 4.12
D
D/268
Angle=80
Area=ôA=D/2.t.ô0
Figure 4.10 Schematic representation of a pipe wall element under stress
We now consider the geometry of the pipe section (Figure 4.10). The force on an 
element of area (D/2).t.60 is given by:
5F = [c^y^K^ +Qy"K''+C"y"K" +C,y^K^ +C,yK + C„]—tS6 Equation 4.13
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Noting that the position, y, of the neutral axis of the element is given by:
d  .y = —sm^ 
2
Equation 4.14
We can use Equation 4.13 and Equation 4.14 to obtain an expression for the 
bending moment:
M = 4 j
Cg| y  sin  8  j  + C 4 ^ y s in 0 j  k ‘* +  0 3 ^ ^ 8 1 0 0 1
+  C2^— s in 0 l  +  C ,f — sin0'lK  +  C q
— t.— s in 0d0 
2 2
Equation 4.15
which, after some simplification, reduces to:
M = Dfr[Cs[^yj k' J sin'Gde + C^j^yj k' jsin'0d0
+  C 3
^D) 3 2
K’ j.
0
'D"i
+  C j — K Sin
. 2 ; J0
2 . Equation 4.16
Equation 4.16 enables the moment-curvature relationship for a pipe to be 
calculated using the constants from the tensile stress-strain tests. Once the 
moment-curvature relationship is known, it is then possible to use this to 
determine an estimate of the maximum tensile stress in the pipe at failure. The 
next section describes how this is done.
4.3.2.3 Estimating the Maximum Tensile Stress in the Pipe at Fracture
The analysis presented in the previous section enables the maximum stress in the 
pipe at failure to be estimated as follows. The moment-curvature plot (derived 
using Equation 4.16) enables the curvature at failure, kj, to be determined from the 
bending moment at failure and the relevant material constants that characterise the
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tensile stress-strain response. Once a curvature to failure is obtained in this way, 
the corresponding value of the maximum strain in the pipe follows from:
D
K Equation 4.17
The surface stress at failure can then be found using Equation 4.11. This failure 
stress, which is based on a non-linear analysis, may subsequently be compared 
with the failure stress determined using simple bending theory and used to derive 
a correction factor, as explained in Section 4.3.3.3.
4 3 3  Experimental Observations
4.3.3.1 Failure Observation
As expected the majority of the pipes failed in a circumferential, or ring, manner, 
with pipe fracture initiating at the bottom surface of the pipe, i.e. the invert, which 
was under tension. However, some failures appeared to be due either to 
compression, or local buckling (or a combination of the two), in the compressive 
(upper) region of the pipe. Figure 4.11 shows an example of such a failure, it can 
be seen that the wall section in the top of the pipe is very thin and that the pipe 
failure is characterised by a longitudinal crack (as well as the predominant ring 
fracture), due to compressive buckling of the top flange.
Figure 4.11 A failed pipe showing the typical crack pattern associated with compressive 
buckling of the thin-walled section.
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All of this type of pipe failure were associated with very thin wall thicknesses in 
the top surface of the pipe (the crown) corresponding to pipes with very 
asymmetric cross-sections. In some instances the pipe was thin enough that the 
pieces of this longitudinal fracture were detached altogether, resulting in a missing 
section from the pipe, this is shown in Figure 4.12.
Figure 4.12 A failed pipe, showing the typical crack pattern associated with compressive 
buckling of the thin-walled section but with the broken pieces removed.
In order to reduce the possible asymmetry of the pipe wall thickness, the pipe 
manufacturer had used ‘chaplets’ (casting supports) in order to prevent movement 
of the core during the casting process. It is usual for the chaplet to fuse with the 
molten metal but it can be seen from Figure 4.13 that in at least one case, no such 
fusion had occurred. Unforunately, this chaplet was orientated such that it was on 
the tensile face of the bend sample and hence acted as a large defect leading to 
premature pipe failure. This result was disregarded in the subsequent analysis, 
since it was artificially low.
Figure 4.13 Failure surface of unlined pipe, showing presence of poorly fused chaplet.
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As already indicated the chaplet shown in Figure 4.13 caused a significant 
reduction in failure strength. The typical strength for a notched pipe in this 
investigation was around 150 MPa, however for the pipe with the unfused chaplet, 
this had dropped to 90 MPa, a significant reduction. This also gives some 
indication of the possible extent of effect of similar defects under field conditions.
One of the primary aims of this mechanical testing programme was to determine 
the ability of liners to withstand failure events, such as ring fi-acture. For the 
purposes of this work, survival was defined as the liner being able to contain 
water following the ring fracture event. By this definition, the epoxy resin liner 
was, as expected, unable to survive the catastrophic failure event induced, as can 
be seen from Figure 4.14.
Figure 4.14 Typical failure of epoxy resin lined cast iron pipe.
However, both interactive liners remained intact following all the tests, even 
though the cast iron host pipes underwent circumferential failure. Figure 4.15 
shows a photograph of a cast iron host main lined with Plusliner, immediately 
following failure, it can be seen that the liner is intact.
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Figure 4.15 Photograph showing the ability of Plusliner to bridge the gap created by 
circumferential failure of the host pipe.
The Plusliner showed some minor perforations, evidenced by the water beneath 
the pipe, but these were believed to be attributable to the large relative 
displacements of the broken sections of host-pipe, that occur post-failure. It 
seems probable that this effect might not be experienced during service where the 
soil would be expected to play a significant role in restraining the post failure 
movement of the pipe. As a consequence, the Plusliner samples that exhibited 
only minor perforation were, therefore, considered to have survived the failure for 
the purposes of U.K. conditions. The effect of these large displacements may 
though be relevant in seismic conditions, such as may be encountered during the 
overseas activities of Thames Water. The Subcoil liner was also able to survive 
the flexural failure condition, as shown in Figure 4.16.
Figure 4.16 Photograph of a ring fractured (in the dry state) host pipe lined with 
Subcoil. It can be seen that the liner is intact post failure.
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The ability of the Plusliner and Subcoil to survive the ‘wet’ tests showed that their 
behaviour was essentially unchanged by the presence of water and the associated 
pressure and increased level of liner-host-pipe interaction. This can be seen in 
Figure 4.17.
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Figure 4.17 Photograph of a pressurised pipe lined with Subcoil following failure of the 
host pipe. The liner has survived and shows no sign of water leakage.
The observation that semi-structural liners are capable of surviving host-pipe 
failure is potentially a significant outcome, both in terms of industrial design 
procedures and also for the liner manufacturers and the water utilities. This is for 
two main reasons. Firstly, if they are able to survive circumferential failures, then 
there is greater scope for using interactive liners in situations other than they 
would currently be employed in the U.K. Secondly, they might also be of use in 
overseas operations, particularly in seismic regions, such as Turkey, where the 
loss of water supplies following an earthquake is a major problem. With their 
potential ability to withstand such loadings there is scope for using interactive 
liners to preserve ‘lifelines’, thus minimising the immediate impacts of earthquake 
damage to the network, particularly away from the epicentre, where the loading is 
likely to be less severe.
EngD Portfolio -  Volume I 117
Benjamin B. Crunkhom Survivability Studies - Discussion
4.3.3.2 Quantitative Analysis o f  Data
The approach described in section 4.3.2.3 was applied to the pipe tests for which 
the tensile behaviour parameters were subsequently measured, enabling the 
bending moments at failure to be converted to values for the maximum stress in 
the pipe. These stress values were then compared to those calculated based on a 
linear elastic analysis, so that a correction factor could be deduced, enabling all 
the strength data from tests analysed elastically to be modified. Table 4.2 shows 
the results for the three pipes for which both tensile test and bend test data were 
available (ULNIW, ULUN3W and ULUN5W).
Table 4.2 Pipe failure stresses obtained in four-point bending based on linear and
non-linear analysis.
ULNIW ULUN3W ULUN5W
Pipe stress at failure 
(elastic analysis) 160 Mpa 270 MPa 242 MPa
Pipe stress at failure 
(non-linear analysis) 101 Mpa 168 MPa 147 MPa
Ratio of values 0.63 0.62 0.61
Based on Table 4.2, the ratio of the failure stress determined using non-linear 
arguments, and that obtained using linear elastic assumptions is taken as 0.62 (the 
arithmetic mean of the obtained values). This correction factor was subsequently 
applied to the data based on elastic analysis reported previously. Figure 4.18 
shows all of the data for the full range of pipes tested.
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Figure 4.18 Comparison of failure strengths for all pipes tested, using the linear elastic 
approach and those obtained using the non-linear analysis.
EngD Portfolio -  Volume I 119
Benjamin B. Crunkhom Survivability Studies - Discussion
Examination of the data indicates that for any given condition there is some 
spread in the failure strength. This is believed to be due to material variability 
(which includes the observed eccentricity of the bore), for un-notched samples; 
and material variability combined with variations in notch geometry, for notched 
samples. As might be expected the notched samples show a lower strength. 
There is no obvious difference between the results for a given set of dry tests and 
the corresponding wet tests. This suggested that the additional interaction 
between the liner and the host main brought about by the application of pressure 
in the wet tests does not significantly effect either the liner behaviour or that of 
the cast iron. Hence in Table 4.3 (where the results from different liners can be 
compared), dry and wet data are averaged together. Table 4.3 shows that there is 
no clear effect of liner type on the pipe failure strength. Figure 4.19 shows this 
graphically. The apparent variations in pipe strengths in the above plot are 
thought to be due to the inherent material variability and batch-to-batch variation, 
i.e. differences in processing and composition of the melt, for example. The 
dotted lines on Figure 4.19 indicate that the variability present shows that the 
pipes are statistically similar.
Table 4.3 Table showing the mean gross failure stress and standard deviation for all
samples tested, using the non-linear model.
Sample Type Mean Gross Failure 
Stress (MPa)
Standard Deviation 
(MPa)
Unlined, unnotched 171 16
Epoxy lined, unnotched 156 10
New development, unnotched 146 30
Sub-coil, unnotched 144 17
Unlined, notched 108 26
Epoxy lined, notched 105 18
New development, notched 130 8
Sub-coil, notched 123 12
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Figure 4.19 Variation of mean gross failure stress and standard deviation for all 
samples.
It is also useful if a value for the modulus of the material can be obtained from 
bending results to enable a comparison with the moduli obtained from the tensile 
tests and hence provide greater confidence in the results obtained. The bending 
moment-curvature plot, Figure 4.20, has a slope El. Thus by taking the slope of 
the curve using the curve fitting procedures described in a previous section and 
then dividing the value obtained by the second moment of area, I, for the pipe 
concerned, an approximate value for the modulus of the pipe at zero curvature 
may be obtained.
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Figure 4.20 Plot of bending moment versus curvature for the pipes in bending. The 
curve fits are also given, with the equations for the line.
EngD Portfolio -  Volume I 122
Benjamin B. Crunkhom Survivability Studies - Discussion
It is difficult to quantify the likely errors that may be introduced by this approach. 
However, the only real errors introduced come from the experimental variations, 
although the number of experiments means that the likely errors are lessened for 
statistical reasons. In general, it is felt that the range of values for modulus given 
in Table 4.4 is a reasonably accurate approximation of the cast iron concerned.
Table 4.4 Slope, the second moment of area. I, and elastic modulus for the pipes in
bending, E.
Specimen Slope I (m “) E (GPa)
SCUN2 739311 6.92E-06 106.8
ULUN2 l.OOE+06 9.23E-06 108.3
ULN4 902145 7.50E-06 120.3
ULN5 714096 6.56E-06 108.9
It can be seen from Table 4.4 that there is reasonable agreement between the four 
values of Young’s Modulus, E, obtained, with the mean value being 111 GPa., a 
number that is in line with values in the literature, as evidenced by comparison 
with Figure 4.4.
4.3.3.3 Application o f  the Non-Linear Approach
Figure 4.21 shows the experimental stress-strain data (faint line) for specimen 
ULNIW and the associated regression curve (thin black line). The value for 
the regression line indicates that the numerical fit is excellent within the range of 
values represented by the experimental data. The equation of the regression line, 
at the bottom of the plot, enables values for the required C-type coefficients to be 
found.
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Figure 4.21 Experimental stress-strain data (faint line) for specimen ULNIW  and the 
associated regression curve (thin black line).
The non-linear approach developed in Section 4.3.2.3 was used to derive 
predicted bending moment-curvature plots for two pipes. The actual bending 
moment-curvature plot, derived as described in Section 4.3.2.2, was then 
compared against these predicted plots. Each plot shows 13 curves, one is the 
actual bending moment-curvature response, for the relevant pipe, whilst the other 
12 are those predicted using data for the coefficients obtained from the twelve 
tensile tests (four repeats from three samples).
Figure 4.22 shows the predicted and measured bending moment-curvature 
response for an un-notched pipe. It can be seen that the predicted data are 
reasonably accurate at values of curvature below 0.1. At higher values of 
curvatures, however, the predicted values can deviate markedly from the 
measured data. There are two causes for this deviation. The first is that at lower 
curvatures, there is less magnification of any errors in the model. The second is 
that the polynomial curve-fits, used to obtain the values of the C-type coefficients 
used in the model, are only accurate within the range of data represented by the
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particular stress-strain plot used to develop the bending moment-curvature plots. 
Therefore at higher eurvatures, eorresponding to greater strains, the range over 
whieh the calculated coeffieients are accurate is exeeeded and so large deviations 
ean occur.
70000
60000
50000
E
I  40000
co
^  30000
CQ
20000
10000
-----ULN-1 -----ULN-2 -----ULN-3
-----ULN-4 -----ULUN3W-1 -----ULUN3W-2
---- ULUN3W-3 -----ULUN3W-4 ULUN5W-1
ULUN5W-2 ULUN5W-3 ULUN5W-4
—  SCUN 2 Experimental
0.05 0.1 0.15 0.2 0.25
Curvature
Figure 4.22 Plot of predicted and experimental bending moment versus curvature for 
specimen SCUN2.
These large deviations are not seen in the ease of the notched samples, since the 
presence of the noteh prevents the specimens from reaehing the elevated 
curvatures possible in the un-notehed pipes. Figure 4.23 shows the predieted and 
measured bending moment-curvature response for a notched sample. Less 
deviation from the measured values is seen in comparison with the un-notched 
speeimens.
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Figure 4.23 Plot of predicted and experimental bending moment versus curvature for 
ULN4.
4.4 Comparing Tensile and Flexural Test Data
In order to develop confidence in the results obtained it is useful to be able to 
compare tensile and flexural data. One obvious comparison that can be drawn 
between the tensile and bend test data is in the measured elastic moduli. The 
tensile tests data gave a mean elastic modulus of 85.7 GPa, whereas the mean 
elastic modulus in bending was 111 GPa. This difference may be explained by 
considering the stress arrangement within the test set-up, and the inherent non- 
linearity of the material, as explained below.
In the tensile tests the stress level is essentially constant across the section. This 
means that even though the material is non-linear, the sample behaves as if it is 
equally ‘stiff across the section, i.e. any reduction in elastic modulus with 
increasing stress due to non-linearity is uniformly experienced across the section. 
However, in the bending specimens the stress varies across the section, since the 
stress level is dependent upon the distance from the neutral axis, as well as
EngD Portfolio -  Volume I 126
Benjamin B. Crunkhom Survivability Studies - Discussion
varying between tension and compression. This means that for any given stress in 
the outer circumference of the pipe, the stress at the inner circumference will be 
less. Since the stress at the inner circumference is less, the material in that region 
behaves more stiffly, due to the non-linearity of the material. The overall effect is 
to make samples in bending appear stiffer than those in tension at any given stress 
value.
The other way in which tensile and bending results may be compared is using the 
bending moment-curvature plot (Figure 4.22). This may be directly derived from 
the tests on whole pipes, as discussed in Section 4.3.2.2, or obtained from tensile 
test data, as described in Section 4.3.2.3. The agreement between the two sets of 
data, given the degree of non-linearity of the material is reasonable, particularly at 
low curvatures. However, at higher values of curvature the agreement becomes 
less good, due to the factors mentioned previously.
4.5 Concluding Remarks
A series of unlined and lined cast iron pipes has been investigated. Metallography 
revealed the material to be a typical grey cast iron, with a pearlitic matrix along 
with graphite flakes of assorted morphology. The graphite flakes were present in 
sickle-shaped, acicular and rosette morphologies as well as showing some 
directional effects, called tramlines. Tensile tests carried out on the material 
revealed it to be non-linear, which is not unusual for an as-cast grey cast iron 
which has not been subjected to a long history of degradation in service. The 
tensile tests were also used to determine a value for the modulus of the material, 
by considering the modulus at zero strain. The modulus determined from the 
tensile test data was around 86 GPa. Four-point bending tests to failure were also 
carried out on pipes lined with three different liners, an unlined control was also 
considered.
The bending moment-curvature response of the cast iron pipes was determined. 
This was used to determine the Young’s Modulus of the material, and gave a 
value of around 111 GPa. This apparent discrepancy in the modulus values in
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tension and bending was accounted for by considering the stress system in the two 
different cases relative to the non-linearity of the material. In order to enable 
comparison between tensile and bending data a non-linear analysis was developed 
to allow tensile data to be used to derive the material response in bending. Data 
derived using this model were found to be in good agreement with measured data 
within the range of curvatures experienced during the testing programme.
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5. POST FAILURE MECHANICAL TESTING: 
METHODOLOGY
5.1 Introduction
In the first stage of mechanical testing in this project, it was established that 
interactive liners such as Subcoil are, under certain conditions, able to survive the 
failure of the host main, without themselves suffering catastrophic failure. 
Having established this, it was decided to investigate the behaviour of a liner 
under conditions that may occur following the initial ring fracture of the host 
main. Due to both the availability of the Subcoil liner material, and the fact that 
its behaviour has been the subject of extensive research, it was decided to focus 
on Subcoil for this work. Plusliner was not considered for this phase of work 
since it was considered that it would be unable to withstand the post-failure 
deformation criteria under consideration. The investigation was carried out along 
three different strands. Firstly, it was necessary to establish the behaviour of the 
liner under long-term loading, i.e. creep conditions; this is because any effects that 
occur after failure are likely to be long-term effects. A benefit of this work was 
that it enabled the behaviour of the Subcoil material to be compared to previously 
published data for the same material. Secondly, an experimental procedure was 
developed that allowed deformation conditions that might realistically occur in the 
ground to be reproduced in the laboratory in a controlled manner. The principal 
aim of this work was to investigate the behaviour of the liner under the action of 
an axial shear deflection of the two halves of the failed host main. Such a 
displacement is shown schematically in Figure 5.1.
Based on discussions with contractors and colleagues, it is considered that this 
deflection is the one that is most likely to occur in the ground, following ring 
fracture. However, since pipes that have failed in this way are, in practice, either 
repaired or replaced, it is not certain what types and extents of deflection occur in 
the field. Therefore, it was decided that a shear deflection of the sort illustrated in 
Figure 5.1 was a reasonable starting point for this investigation. The level of 
displacement was chosen as 50 mm: this was intended to be reflective of the
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likely upper bound service displacement, but also considered to the highest level 
of displacement that could reasonably be experienced before adequate flow would 
be prevented. In the future, there is the potential for further loading types to be 
considered. The third aspect of the work involved the investigation of the effect 
of such a shear displacement on an as-installed electrofusion coupling. Such 
couplings are commonly utilised in the field and hence must be considered when 
investigating the behaviour of a liner system. This is because a system is not 
simply the liner and the host main, but also any fittings that are required in order 
to make the system function. These are fittings such as connectors and t- 
junctions, which allow the liner to be joined to other materials, or to be branched 
off along other pipe sections.
Host Main
 7 ^ --------
Interactive Liner
Figure 5.1 A schematic representation of a simple shear loading condition.
As outlined above, it was decided that an appropriate post host-main failure 
criterion to consider is a shear displacement of the two failed pipe halves, parallel 
to the failure surfaces. There are two main ways in which such a displacement 
might occur in the field. The two causes have differing degrees of severity in 
terms of their likely effect on the liner. The first possible cause is movement od 
the soil surrounding the fractured pipe (possibly due to the shrinkage or swelling 
of clay soils), which act on the host main post-fracture leading to the development 
of a shear displacement at the ring fracture. Such movements are thought to be 
commonly encountered under UK conditions and are considered to (potentially) 
contribute to the ring fracture of cast iron pipes in service. This displacement 
could be exacerbated by the release of residual tensile stresses in the cast iron pipe 
leading to the formation of a gap between the two failure surfaces. The residual
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tensile stresses that would be required for such a gap to form could occur in a 
number of ways; temperature gradients, poor installation and the ‘locking’ of 
flexible joints (O’ Shea, 2000). The second potential cause of shear displacement 
occurs in a region of seismic activity. When a pipe is damaged in some way by an 
earthquake it is possible that a lateral displacement could occur, resulting in a 
shear force acting on the liner. It is not thought probable that such liners are able 
to survive the conditions that occur near the epicentre of a seismic event. 
However, at regions more remote from the epicentre, where ring fractures might 
have occurred, there is a chance that the liner could survive intact, enabling the 
water supply to be maintained, at least temporarily. Therefore, in this 
investigation it was thought necessary to consider the performance of the liner 
material and the as-lined system under both long- and short-term loading 
environments.
In order to enable the investigation of the desired shear loadings, a test rig was 
developed to enable such displacements to be applied to the liner/host pipe system 
in a controlled manner. Section 5.2 describes the design and construction of the 
rig. A series of experiments that were carried out using it are then detailed. 
Additionally, the work carried out on establishing the behaviour of the liner is also 
presented. In order to determine the behaviour of the liner, two sets of 
experiments were carried out. Initially, the tensile creep behaviour of the system 
was measured, using a constant stress arrangement, at a variety of stress levels. 
Secondly, a series of tests on unsupported lengths of liner were performed, these 
enabled the behaviour of the liner under hoop stress to compared with its 
behaviour under tensile loading.
5.2 Situations Considered
5.2.i  Rig Design
In designing the experimental loading rig a number of key points had to be 
considered, these were:
EngD Portfolio -  Volume I 131
Benjamin B. Crunkhom Post Failure Mechanical Testing:
______________________________________________________ Methodology_________________
• The rig had to be able to apply the correct loading without deforming 
excessively, i.e. the test rig was required to be ‘stiff relative to the 
specimen under test.
• The loads upon the rig were likely to be limited to the maximum tensile 
strength of the polymer.
• The required deflections were potentially of the order of 200 mm and as a 
consequence the rig needed to be able to apply significant deflection.
Mild steel was chosen as the construction material for the rig, since it is readily 
shaped and joined and relatively inexpensive. Mild steel is far stiffer than the 
polymer to be used in the experimental work, and was used in much thicker 
sections than the installed polymer. Therefore it was unlikely that stress build-ups 
could occur in the rig that would be enough to lead to any significant deformation 
in the steel rig itself, satisfying one of the key criteria.
The rig is shovm schematically in Figure 5.2 and consists of two I-section steel 
beams, upon which a steel plate was welded, forming the base of the rig. Two 25 
mm thick steel cradles were welded to one end of the rig, forming fixed clamps 
for one half of the host pipe. The other end of the rig had two 20 mm thick steel 
upright guide rails welded to the side of the rig. These were braced across the top 
by a steel crosspiece, which provided further structural rigidity. Inside the rails 
were floating clamps mounted on a moving cradle, again made of 20 mm mild 
steel plate; this enabled a displacement to be applied using a bottle jack. Rotation 
of the cradle under the shearing loads was minimised by means of four bearings 
on each side of the cradle, one at each comer, these also reduced the frictional 
forces developed during loading. The rig is shown in overview in Figure 5.3 
whilst Figure 5.4 shows the resulting shear displacement on a sample under test.
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Schematic representation of the shear rig.
If
Figure 5.3 Photograph of the shear rig, with a lined, cast iron pipe in position.
Figure 5.4 Photograph of the shear displacement applied by the rig, the clamps are 
visible at the extremities of the image.
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As already indicated, it was intended to use the rig in order to investigate a variety 
of conditions. In the first part of the investigation the ability of the liners to span a 
series of longitudinal gaps under shear loading was investigated. This enabled the 
main parameters that affect the behaviour of the liner during testing to be 
identified, allowing a second phase of more focused tests to be carried out 
subsequently. It also allowed the behaviour of a sheared liner under long-term 
displacements to be investigated. Following on from this a second investigative 
stage was planned that would elucidate information about the behaviour of liners 
over longer time periods. Overall, this procedure mimicked the first stage testing 
in which the survivability of the liners was determined initially, and their 
behaviour subsequently modelled.
In addition to the simple shear displacement investigations outlined above, a 
further investigation was carried out. The aim of this investigation was to assess 
the ability of electrofusion couplings, of the type typically used for joining 
polymeric liners and pipes, to survive the shear displacement criterion. A number 
of other tests were carried out to characterise the behaviour of the liner material, 
these included tensile creep tests on sections of liner material and creep tests on 
instrumented sections of liner.
5.2.2 Simple Shear Displacement
5.2.2.1 Introduction
The first situation that was considered was termed a long-term shear 
displacement. This arrangement modelled the circumstances where a pipe had 
experienced a ring fracture and the two halves of the main subsequently 
experienced a lateral displacement. Figure 5.1.
This criterion was considered in two distinct ways, in the first a constant pressure 
was maintained and the liner displaced at a known rate to a predetermined 
displacement and held until failure, or for two weeks, whichever came first. In 
the second set of tests, the criterion was applied over a short-term, in order to
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assess the behaviour of the liner immediately following failure. Where the liner 
survived this second, more rapid, displacement it was then pressurised to failure, 
in order to investigate both the extent of damage sustained during the initial 
displacement and the nature of the behaviour expected during the time-dependent 
conditions that would occur once the limit of the displacement had been reached.
5.2.2.2 Long-Term Shear Displacement
It was originally decided to utilise the same rate of displacement as used in the 
flexural tests outlined in Chapters 3 and 4. However, due to the nature of the 
loading system used in the rig, the displacement could not be applied in as 
controlled a manner as required. It was therefore decided to utilise a notional 
displacement rate of 1mm min \  As a result it was assumed that a shear 
displacement of 5 mm every five minutes produced a reasonable approximation of 
the desired deflection rate.
There were two key parameters of importance for this work, the initial gap, g, 
between the failed halves of the cast iron host main (which was initially set at 10 
mm), and the displacement to which the pipe is sheared, ô. Prior to filling the 
pipe, the initial width of the gap was recorded. These data were later used to 
determine whether gap width had any effect on survivability. Any other features, 
such as sharp edges, present on the pipes were also recorded. Once these data had 
been recorded the pipe was then filled with water. It was then sealed using the 
same blank flange arrangement as used in the flexural tests outlined in Chapter 3. 
The pipe was loaded into the rig, and the simulated failure, which was at the 
midpoint of the span, aligned with the centre of the rig itself. Once the pipe was 
in the rig, the width of the initial gap was again measured.
The first set of tests were designed to assess the ability of the liner to withstand 
long-term deflections, such as are thought to occur in the field after a ring 
fracture. In order to ensure that creep conditions were obtained, the pipes were 
held in the deflected state for as long as they survived, or for one million seconds, 
whichever came first. For the first set of tests the initial gap width, g, was not 
adjusted. The ends of the simulated host-main ring fracture were then displaced
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in relation to one another, to a displacement of half the internal bore of the host 
main, a deflection of 50 mm for the system under investigation here. This was 
chosen since it mirrors both the likely upper bound deflection found in service and 
reflects the void that can be survived for fifty years by Subcoil at 10 bar pressure. 
This choice of maximum deflection, therefore, allowed for greater comparison 
between the experimental data obtained here and previously published data in the 
literature (Boot et al., 1996).
The results of these long-term tests lead to the inception of a series of short-term 
tests that would consider similar deformations under more rapid rates of 
deformation.
5.2.2.3 Short-Term Shear Displacement
Following on from the long-term shear displacement tests it was decided to carry 
out the same test regime, using a faster rate of deformation and more control over 
the initial gap width, g. This more rapid deformation would give information 
about the ability of the liner to withstand more rapid deflections, such as might be 
experienced during a seismic event. The rate chosen was 10 mm min a tenfold 
increase over the initial rate. If the liner proved able to survive this, it was 
decided to pressurise it until the Subcoil liner ruptured, to determine the level of 
pressure that could be sustained under the extreme deflection applied. For these 
tests, as before, the pipes were limited to a maximum deflection of 50% of the 
internal diameter of the pipe, i.e. 50 mm. In order to allow the effect of the 
increased rate of deflection to be assessed the initial internal pressure was kept at 
the same level as the previous experiment during deflection, and only ramped to 
failure when full elongation had been reached. The pressure was monitored 
throughout the tests using a Pioden systems 0-500 p.s.i pressure transducer and a 
computer driven electronic datalogging system (Strainsmart System 5000, 
produced by Vishay).
As already indicated, the initial gap width was also controlled. Once the gap had 
been adjusted to the required width the pipe was then filled with water and sealed
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using the same arrangement as in the long-term tests. Prior to the onset of the test 
the liner, where possible, had a 10 mm square drawn upon it. This facilitated the 
observation of changes in dimension that occurred during the shearing operation. 
Another addition compared to the long-term tests was that the degree of ‘peel- 
back’ of the pipe liner from the host main was assessed during the test using a 
needle insertion technique. The extent of peel-back of the liner is a creep related 
property and is likely to give some indication of the behaviour of the liner under 
the creep circumstances that occur once the primary displacement is complete. 
This peel-back phenomenon is shown schematically in Figure 5.5, below.
Area of ‘Peel-Back’
Figure 5.5 Schematic representation of the peel-back.
This peel-back could only be measured using the needle insertion technique when 
the displacement was greater than the host main thickness at the point where the 
measurement was taken. The asymmetry of the pipes, a feature that was also seen 
in the first set of experiments, affected the ability of this measurement to be made. 
It often meant that the top surface was measured where the bottom was not yet 
able to be measured or vice versa. The tests were also recorded photographically 
and some were videoed at failure, using a digital camera with video capture 
facility.
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5.2.3 Shear Displacement Incorporating an Electro-fusion Coupling
As already indicated, renovating a pipe is a complex process. Aside from 
designing and installing a suitable liner, it is also necessary to ensure that the liner 
can be jointed; the liner may be required to join to other pipes - which may be of 
different material - and to different sections of liner. The aim of this part of the 
experimental programme was to assess the performance of an electro-fusion 
coupling, under shear loading. It is of note that the principal of the electro-fusion 
joining process remains the same regardless of the physical arrangement of the 
piece that is installed, i.e. simple connection versus T-piece or bend.
Two sections of pipe were lined with a length of liner slightly greater than their 
length, to allow for the fitting of an end termination and an electro-fusion joint. 
The pipes were then loaded into the rig and the electro-fusion coupling installed. 
In the electro-fusion jointing process, an electric current is passed through a series 
of wires that are part of the fitting being installed. This melts the interface 
between the liner pipe and the fitting, allowing a weld to be formed. After a 
cooling period of a few minutes, the joint is complete and ready to be used. 
Figure 5.6 shows a schematic diagram of an electro-fusion coupling. In the field, 
such joints are typically made by installing a terminating end coupling on both 
ends of liner, and subsequently installing a piece of ftill strength pipe in between 
the two liner ends, to ‘make good’. It is of particular importance that a virgin 
surface be available for the electro-fusion joint and the retaining sleeve used in the 
Subcoil liner ensures that this is the case.
Electrofusion
Coupling
D P  .0  O D
Wires
Liner
Figure 5.6 Schematic representation of an electrofusion coupling.
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Figure 5.6 also shows how the thermal gradient varies along the weld during the 
welding process. It can be seen from this figure that the welding process used will 
lead to two cylindrical lap welds, one on each side of the joint, this is in contrast 
to the butt-fusion welding process that is sometimes used on plastic pipes.
Two principal test configurations were investigated. In one, a section of pipe was 
simply lined, with an electrofusion coupling installed between the two sections of 
cast iron host main. Displacement was then applied to the system, as represented 
schematically in Figure 5.7.
Host Main
. A
LOAD
Figure 5.7 Schematic representation of shear displacement incorporating an 
electrofusion coupling.
The second configuration was similar to the first, except that two steel inserts 
were fitted inside the pipe between the electrofiision coupling and the host main. 
The idea of these inserts was to minimise the ability of the pipe to undergo shear 
displacement, leading to a better retention of bore and improved flow 
characteristics in the region of the repair. This second configuration, including 
the inserts is represented schematically in Figure 5.8.
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Figure 5.8 Schematic representation of shear displacement incorporating an 
electrofusion coupling and steel inserts intended to mechanically assist the 
pipe in resisting the development of shear displacement.
Once the electro fusion joint had been installed, the set-up appeared as shown in 
Figure 5.9, some deflection is also evident on the sample.
Figure 5.9 Photograph of an electrofusion coupling undergoing shear deformation.
The tests with the insert were only earried out on pipe with a 75 mm internal 
diameter, whilst the tests without the inserts were carried out for both 75 mm and 
150 mm internal diameter pipes. The gaps between the electrofusion coupling 
and the host cast iron main were selected to eorrespond to the 50-year design life 
of the liner system under analysis at mains operating pressure. For the 75 mm 
diameter pipe a 9 mm gap was used, whilst for the 150 mm gap, the gap was 16
EngD Portfolio -  Volume 140
Benjamin B. Crunkhom Post Failure Mechanical Testing;
______________________________________________________ Methodology_________________
mm, reflecting the difference in SDR (Standard Dimensional Ratio = external 
diameter of liner/wall thickness) between the two liner configurations.
The pipe was subsequently subjected to a shearing deformation, in order to allow 
the assessment of the ability of the liner and coupling arrangement to survive such 
deformations. The shear displaeement was applied as follows.
The pipe was lined and inserted into the rig. The electrofiision fittings were then 
attached to the pipe and it was sealed in the same way as in the earlier flexural 
tests, using a system of flanges and end terminations. Once the pipe was installed 
into the rig it was then filled with water, to the required test pressure. As already 
indicated the test pressures were chosen to reflect the design parameters of the 
liner diameter concerned. The test pressures for the tests were 10 bar for the 75 
mm liner and 6 bar for the 150 mm liner. Once the pressure had been applied for 
a few minutes, and the liner had come into a fully close fit with the host pipe, the 
test was commenced.
Due to the novelty of the pipe specimens and test arrangement there was no prior 
experience to call upon; it therefore was decided to displace at a set rate until 
either the pipe failed, or the limits of the rig were reached, at this point the 
displacement would be maintained for a period of time. After discussion with 
colleagues in industry it was decided that an initial displacement of half of the 
internal diameter of the host cast iron main was a suitable starting point. The pipe 
was deformed as quickly as the jacking system could apply the deflection to the 
initial point, after the test commenced. Once this point had been reached, the pipe 
was then displaced at a notional rate of 1 mm m in '\ the same rate as used in the 
first set of simple shear tests. The rate of deflection was controlled by using the 
mechanical stop to set the distance and then jacking the pipe up in 5 mm steps, 
every 5 minutes. Deflection continued until either the pipe failed, or the limits of 
the experimental set-up were reached, whereupon the applied deflection was then 
sustained. The deflection was typically held in place for around two weeks; this 
gave some indication of whether creep of the liner after the application of the 
displacement might be able, eventually, to initiate failure. Time constraints meant 
that it was only possible to carry out one test in each of the configurations. The
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tests reached the maximum deflection of the rig and were then held for two 
weeks; except for the test on the 75 mm diameter liner with the steel inserts, 
where the inserts caused the cast iron host main to fail and therefore the test was 
aborted during loading.
5.2,4 Tests on Unsupported Liner Material,
Along with the various shear tests on the liner as a system, it was necessary to 
investigate the behaviour of the unsupported liner, to establish equivalence of the 
creep behaviour with the material used in investigations by previous authors on 
the topic. Previous work by Boot et al. (Boot et ah, 1996, 1999) established the 
tensile-creep behaviour of the material for Rolldown (another MDPE liner, which 
is reduced concentrically), and which is essentially the same material as that used 
for Subcoil. In order to establish equivalence of the creep behaviour a series of 
creep tests were carried out on the current material. The establishment of this 
equivalence is necessary if  the use of the existing models is to be extended to 
situations other than the simple gap and hole spanning circumstances that they 
currently allow for.
Sections of liner of approximately 800 mm in length were taken from a length of 
un-reverted Subcoil liner; the material has an external diameter of 100 mm and a 
wall thickness of 3 mm. The retention sleeve was cut off using a scalpel, with 
care taken not to damage the liner inside. Once this sleeve had been removed the 
liner was reverted to a semi-round state by immersion in a hot water bath. This 
heating process gave the pipe extra plasticity, allowing it to revert to its as- 
extruded shape. Once the liner was almost round it was removed from the water 
bath and the steel insert from the end termination inserted. The end termination 
was then fully fastened, to allow the ends of the liner to be sealed using flanges. 
The end terminations used were standard Viking-Johnson Liner Grip end fittings, 
such as are used under field conditions.
Once the end terminations were attached, the pipe was sealed at one end, using an 
industry standard 8-bolt and gasket pack and a blank flange. The pipe was
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subsequently filled as near to full as possible with water from the cold tap, and the 
second flange attached, to seal the pipe. The second flange housed a strain-gauge 
based pressure transducer and a high-pressure quick release hose fitting, to enable 
rapid and simple attachment and detachment of the pressurisation pump system.
Prior to the attachment of high deflection strain gauges, a small pressure (around 2 
bar) was applied to the liner using the pump system, in order to fully re-round the 
liner. This ensured that the reading obtained by the gauges was as accurate as 
possible.
The high deflection strain gauges were then attached in a five gauge pattern, three 
gauges at 120° intervals around the liner, aligned in the hoop direction and a 
further two gauges aligned longitudinally, at 180° positions. Figure 5.10. Due to 
the poor thermal conductivity of the liner, it was necessary for the liner to be filled 
with water prior to the soldering operation required to attach the strain gauges to 
the leads that attached them to the datalogger. The water acted as a heat-sink, 
helping to protect the liner from the soldering operation by aiding dissipation of 
heat generated. In spite of this precaution, care was still taken during soldering of 
the gauges, to ensure that no damage to the liner would occur.
Ll HI
120“
H3 H2
|L2
Longitudinal Hoop
Figure 5.10 Schematic representation of the strain gauge positions during the hoop 
stress creep tests.
Both the applied pressure, which can be directly related to the hoop stress, and the 
strain at the five locations outlined above, were recorded throughout the duration
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of the test. The data were recorded on a Measurements Group System 5000 
datalogger, at intervals of 0.1 seconds. The strain gauges were calibrated and 
zeroed prior to the commencement of every test. The calibration operation of the 
strain gauges ensures that the resistance of the lead wires is accounted for in the 
measured strains. The pressure transducer was zeroed prior to the application of 
the pressure and calibrated using calibration values supplied with the Pioden 
Systems 500 p.s.i. pressure transducer.
Once the strain gauges and pressure transducer were zeroed and calibrated, the 
test was commenced. Pressure was applied as quickly as possible using a hand 
pump, until the desired maximum test pressure was reached. This pressure was 
then maintained as accurately as possible by manually monitoring the system 
pressure and pumping when required. The internal pressure was then maintained 
at a constant level until the liner failed.
In order to achieve creep conditions a constant internal water pressure was applied 
to the unsupported length of liner pipe, such that the hoop stress developed 
corresponded to a value for which a comparable tensile creep curve was available 
in the literature. The stress levels applied were chosen to correspond with those 
used by Boot et al., whilst maintaining the test duration within acceptable limits.
The loading of a cylindrical thin-walled pressure vessel generates a biaxial stress 
state (assuming a zero through wall stress, for a thin-walled vessel). In order to 
allow for this biaxiality a Von Mises equivalent approach was used. By taking the 
target hoop stress as the Von Mises equivalent stress, the required hoop stress may 
be determined, by solving Equation 5.1 for ai. This hoop stress can subsequently 
be used to determine the required pressure to develop the target hoop stress. The 
development of the Von Mises correction factor is shown below.
The basic Von Mises equation states that:
^  vT iIm L T s -  ^  + (< ^ 2  + ( ^ 3  Equation 5.1
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where:
^  the equivalent Von Mises stress. 
ai = hoop stress in the pressure vessel, Equation 5.2.
<72 = longitudinal stress in the pressure vessel. Equation 5.3.
(73 = through wall stress in the pressure vessel -  0 for a thin-walled vessel.
t
Equation 5.2
Pr
(7 ,  =  —  Equation 5.3
2t
where:
P = Applied pressure,
r = Outer radius of pipe,
t = Thickness of pipe.
By substituting Equation 5.2 and Equation 5.3 into Equation 5.1, it is possible to 
develop a Von Mises’ equivalent expression for the stress in the vessel at a given 
pressure level. Equation 5.4. The pressure level used in conjunction with the 
expression developed below is simply that required to generate a hoop stress at 
the desired level using the standard equation for relating hoop stress to pressure, 
given in Equation 5.2.
çy equivalent   1
VonMises
■ J ï f  Pr
Pr Pr
+
t 2t y2ty
+ El
V t Equation 5.4
Solving Equation 5.4 for any value of pressure shows that the stress obtained will, 
under Von Mises equivalent conditions, be about 87% of the value of the target 
hoop stress. Therefore, in order to develop the target hoop stress a higher pressure 
must be applied. Values of actual test stress and the calculated required pressure
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are given in Table 5.1, below. The Von Mises equivalent corrected values are 
also given.
Table 5.1 Table showing required pressure and actual hoop stress levels for the creep
tests, along with the Von Mises equivalent value.
Actual Test Stress 
MPa
Von Mises Equivalent 
MPa
Required Pressure 
p.s.i/bar
17.5 15 152.3/10.5
19.7 17 171.3/11.8
22.0 19 191.4/13.2
24.2 21 211.6/14.6
26.6 23 231.5/16.0
5.2.5 Tensile Creep Testing
The aim of the creep tests on the liner material was to establish equivalence 
between the material under investigation (Subcoil, an MDPE liner) and the 
Rolldown material (another MDPE material) for which data have already been 
published (Boot et al., 1996). The two materials are nominally identical medium 
density polyethylenes, made by the same manufacturer. Test temperature is a key 
variable in creep testing, since the creep properties of a material are temperature 
dependent. In order to maintain consistency with work that had been identified in 
the literature (Boot et al., 1996) a temperature of 20 ± 2°C was used in this work.
A parallel series of tensile creep tests were also carried out to establish the 
constitutive behaviour of the polymeric liner. The tests were performed on 
standard ‘dog-bone’ test pieces cut from the liner. The tensile creep tests were 
performed on an Instron 5500R tensile testing machine. The samples were held at 
constant load and the extension was measured and recorded.
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Due to the relative stiffness of the machine and the polymer being examined, it 
was possible to take the cross-head extension of the machine to be identical to the 
extension of the material. In this way a series of data were obtained for tensile 
creep behaviour at a range of stresses. The stress values were selected to 
correspond with the data available in the literature and to generate data at higher 
stress levels. The stress values chosen were 12, 13, 14 15, 17 and 19 MPa. Data 
were recorded throughout the tests. Figure 5.11 shows a photograph of a 
specimen under test.
Figure 5.11 Photograph of a creep specimen under test.
The load cell was zeroed and the sample loaded into the machine, following this 
operation, a fine adjustment was carried out to remove any stresses that had been 
introduced by the gripping procedure. The test was then commenced. The 
machine was set to apply the initial load at a rate of 1000 N min"\ a speed close to 
the limits of the machine. Once the target load had been reached, typically after 
about 30 seconds, the sample was then held at constant load. The tests were 
terminated either by material failure or the inability of the machine to apply 
displacement quickly enough, at higher stresses.
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6. POST FAILURE MECHANICAL TESTING: 
RESULTS AND CONCLUSIONS
6.1 Introduction
In the first phase of experimental work (outlined in Chapter 3 and Chapter 4), it 
was established that some of the liner systems investigated were able to survive 
the initial circumferential fracture of the host main. In this chapter the results of a 
second series of mechanical tests that were carried out to establish the post-failure 
behaviour of the Subcoil liner material are described. The first results that are 
presented are those from the material characterisation. The main aim of these 
tests was to establish the equivalence of behaviour between the Rolldown material 
previously reported in the literature by Boot et al., and the Subcoil material used 
in this study. A subsidiary aim was to compare the behaviour of the material 
under tensile loading with its behaviour under an internal pressure, generating a 
hoop tensile stress. A Von Mises equivalent approach was used to allow the hoop 
stress generated to be compared to an equivalent tensile stress. After the 
behaviour of the Subcoil liner material had been characterised a series of tests on 
the liner under various loading conditions that may occur following ring fracture 
of the host pipe were carried out. Firstly, the ability of the lined system to survive 
long-term loadings was determined. The ability of the liner to withstand more 
rapidly applied loads was subsequently investigated. In a separate investigation, 
the ability of an electrofusion coupling to withstand the loading was also assessed.
6.2 Test Results
6,2,1 Creep Testing -  Tensile Creep
As already indicated, the principal aim of the investigation of the tensile creep 
behaviour was to demonstrate the equivalence of the Rolldown material used in 
previous studies (Boot et al., 1996, 1999) with the Subcoil used in this 
investigation. The two materials are notionally identical Medium Density 
Polyethylenes, and as such would be expected to have similar properties. In their 
first report in the literature Boot et al. (Boot et al., 1996) describe a series of
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tensile creep results. The results from these experiments were plotted as In time 
(s) on abscissa against percent creep strain on ordinate. The principal difference 
between the work carried out by Boot et al., and that carried out here is that they 
were able to apply the load instantaneously, using a system of suspended weights, 
whilst in this work the load was applied over a short period of time (around 30 
seconds) using a tensile testing machine.
Figure 6.1, below, shows a comparison of the results obtained for the Rolldown 
material by Boot et al. at various stress levels and the Subcoil material tested in 
this study. The strain at the surface of the material has been measured using strain 
gauges. The 12 MPa unadjusted line shows the development of strain from zero 
time in the experiment with Subcoil material. It can be seen that for 
approximately 80 seconds although the cross-head is moving, no strain has been 
applied to the material, this is due to the removal of ‘slack’ in the system. The 
adjusted time shows the same data, but they have been shifted so that zero time 
corresponds with the point when the specimen began to experience an applied 
strain.
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Figure 6.1 Relationship between strain and time for samples of Rolldown and Subcoil 
at different stress levels.
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It can be seen from Figure 6.1 that the initial strain development in the Subcoil 
tested in this study occurs somewhat more slowly than was the case for the 
Rolldown material tested by Boot et al. This is thought to reflect the difference in 
the loading systems used to test the two materials. Once the target load is 
reached, though, the two strain-time curves follow each other closely and the 
agreement between the Rolldown material of Boot et al. and the Subcoil material 
presented here is very good. Figure 6.2, shows a comparison of the data obtained 
by Boot et al. at 12 MPa with that obtained from the testing carried out in this 
study at the same stress level.
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Figure 6.2 Relationship between creep strain and time for samples at 12 MPa from 
both the Rolldown material o f Boot et al. (1996) and the Subcoil material 
tested here.
It can be seen, though, at around 830 seconds in the case of this test, that the 
capacity of the high deflection strain gauge to measure strain accurately was 
reached and the gauge delaminated, becoming detached from the sample. Indeed 
there were two difficulties in measuring strain using strain gauges on the material 
involved here. The first is that the surface free energy of the polymer used is very 
low and it is also very smooth. This means that using an adhesive to attach the
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gauges to the Subcoil is an inconsistent process. Secondly, polymers such as 
MDPE can be strained to very high elongations (around 600 % in the ease of 
MDPE); and obtaining accurate readings of strain at high levels of elongation 
becomes difficult. Even simply measuring the change in length of the initial 
gauge length is difficult, since as the specimen yields the delineation between the 
initial gauge length and the material within the grips of the test machine becomes 
less clear as necking proceeds.
Having established that the behaviour of the material reported in the literature and 
that obtained in this work are comparable, the relationship between the strain as 
indicated by the cross-head of the testing machine and that measured on the 
surface of the sample by a strain gauge was then considered. It was hoped that 
this would allow the strain measured by the cross-head, which is available 
throughout the test, to be compared with that measured by high displacement 
strain gauges, which is only available in the working range of the gauges. Figure
6.3 shows the results of a test at 12 MPa stress.
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Figure 6.3 Variation between calculated strain in MDPE sample measured in different 
ways.
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It can be seen in Figure 6.3 that at around 100,000 ps the output from the strain 
gauge suddenly becomes very large. This is because the limit of measurement 
range of the gauge has been reached, and the observed sudden upturn is in fact an 
artefact of the measuring apparatus rather than an actual effect, caused, for 
example, by localised plasticity under the gauge. In this test the strain has been 
measured using both adhesively bonded high displacement strain gauges and by 
using the recorded cross-head displacement of the test machine. It can be seen 
that the cross-head method tends to over-estimate the strain. This overestimate is 
thought to be a result of the fact that the gauge is measuring an actual region of 
the sample, whilst the cross-head must also be affected by the extremities of the 
test piece, where additional material may be drawn into the gauge length, 
exaggerating the measurement.
Using the bonded strain gauges leads to results that are quite similar to those of 
Boot et al., reported in the literature, at least over the working range of 
measurement of the gauges. It is apparent from the gauge data that the behaviour 
of the Rolldown and Subcoil is comparable for a range of strains. Demonstrating 
that the behaviour under tensile creep conditions is comparable with the available 
data in the literature suggest it is possible for the model developed by Boot et al. 
(Boot et al., 1996) to be re-applied to the new simple shear circumstance. This is 
because the physical basis of the model developed by Boot et al. is the tensile 
creep performance. However, although the material behaviour is demonstrably 
similar, as shown in Figure 6.2, it must also be remembered that the loading 
regime under the shear conditions to be examined is somewhat different. It must 
therefore also be demonstrated that the tensile creep behaviour of an unrestrained 
pipe is comparable to that of a tensile test piece under similar stress levels. This is 
the purpose of the work outlined in the Section 6.2.2. In a further series of tests, 
the behaviour of sections of un-supported liner material was evaluated. The aim 
here was to demonstrate that under the appropriate von Mises equivalent stress 
level, the accumulation of hoop creep strain experienced by an un-supported liner 
section over time and the tensile creep strain accumulated by a purpose made 
coupon are the same, or at least comparable.
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6.2,2 Creep Testing - Unsupported Lengths o f Subcoil
In Section 6.2.1 it was established that under conditions of tensile creep the 
Subcoil material used in the current study behaves similarly to the Rolldown 
material previously examined by Boot et al. The next step is to assess whether the 
behaviour of the material in a simulated situation, i.e. a test piece in a tensile rig, 
and a real component, i.e. a length of polyethylene pipe, are likewise comparable.
This section describes the results of a series of experiments in which an un­
supported and unconstrained (at the ends) length of liner was pressurised to a 
given stress level and held until failure. Section 5.2.4.
The condition of unconstrained ends was chosen to allow the hoop stresses in the 
liner wall to develop in a way that would be unconstrained by the development of 
longitudinal stresses. The biaxial stress state set up during the pressurisation of a 
pipe is more complicated than that developed in a uniaxial test. This is because 
under the shear deformation considered here, the liner will have a substantial 
length of material adjacent to the position of the simulated fracture which will 
effectively be unconstrained in the longitudinal direction. It is this freedom that 
allows the biaxial behaviour to develop since deformation is possible in both the 
hoop and longitudinal directions. Clearly, any model developed on these 
assumptions will not consider the behaviour at end terminations and liner-liner 
joints; and so these will need further consideration in the future.
Figure 6.4, Figure 6.5, Figure 6.7 and Figure 6.8 show a series of strain vs. time 
plots obtained at stress levels of 13 MPa and 15 MPa respectively. There are two 
plots for each stress level (one containing hoop strain data from three gauges, HI, 
H2 and H3; and one containing longitudinal data from two gauges, LI and L2) 
and three samples on each plot (13-1, 13-2 and 13-3; and 15-1, 15-2 and 15-3). 
Thus full data for six tests are given. For each stress level, one plot shows the 
longitudinal strains developed over time and one shows the development of hoop 
strains over time. The development of hoop strain is considered first and is shown 
in Figure 6.4 and Figure 6.5, for the 13 MPa and 15 MPa cases, respectively.
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Figure 6.4 Evolution of strain in a section of liner material under a hoop stress of 13 
MPa. Experimental and literature data are shown for comparison.
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Figure 6.5 Evolution of strain in a section of liner material under a hoop stress of 15 
MPa. Experimental and literature data are shown for comparison.
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Regarding the curves, it can be seen that a significant level of scatter exists 
between the individual results from both within the specimen and between 
specimens. The variation between the hoop stress readings obtained for each 
individual liner may be accounted for as follows. Firstly, within each specimen, 
three gauges were mounted at 120° intervals around the liner section, in the hoop 
orientation. Prior to mounting the gauges, the liner sections were re-rounded 
using water pressure at 1.5 bar. The use of a greater pressure would have lead to a 
rounder liner section, but would also have initiated the onset of creep earlier than 
desired, leading to inaccuracies in the higher displacements measured during the 
experiment. This meant that it was not possible to fully round the liner section 
prior to commencing the test. As a result, the two gauges on the ‘shoulder’ of the 
liner section (H2 and H3) were mounted on a tighter radius than the radius under 
test conditions. Conversely, the gauge at the bottom of the liner section (HI) was 
mounted on a shallower radius than that developed under test conditions. This 
issue is represented schematically in Figure 6.6, below.
H2 H3
H2 H3
HIHI
Figure 6.6 Schematic representation showing the position of the hoop aligned strain 
gauges in the un-reverted and partially reverted conditions.
From Figure 6.6, it is clear that the gauges at positions H2 and H3, the ‘shoulders’ 
of the un-reverted liner, are at a tighter radius of curvature than the final radius of 
curvature when a close fit is established with the host main wall. Gauge HI, 
though, is at a shallower radius of curvature than the radius of curvature of the 
final position. This means that as creep occurs over time, and the liner moves into
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its final close fit with the host main wall, the behaviour of the three gauges will be 
affected differently. The hoop creep strain experienced by the three gauges 
should be the same, since it is brought about by the action of the same internal 
hydrostatic applied internal pressure. However, as creep proceeds, the hoop 
strain, as measured, will be influenced by the local change in radius of curvature 
of the liner at the gauge position. In other words, an overall increase in hoop 
strain will be augmented (or offset) by a bending, or straightening of the liner 
section circumference as it deforms towards the fully circular cross-sectional 
shape that is most stable. As already indicated, the gauge at HI is mounted on a 
larger radius of curvature, and will therefore experience a bending force as the 
liner takes its new shape, this bending force leads to the development of an 
additional tensile component of stress at the outer surface of the liner, augmenting 
the measured hoop strain. However, in positions H2 and H3, the reverse is true; 
the straightening effect of the liner as its new form is adopted will lead to the 
development of an additional compressive (or negative tensile) component of 
stress at the outer surface of the liner, leading to an apparent reduction to the 
measured hoop strain. The true hoop strain, therefore, will lie somewhere 
between that measured by the gauges, meaning that they can be taken as providing 
an upper and lower bound on the actual hoop strain in the liner. Furthermore, 
given that the strain in liner sections tends to accumulate more slowly than for 
equivalent tensile creep test pieces, it can be seen that basing a model on purely 
tensile test pieces, which creep more quickly than unrestrained liner sections, will 
lead to an inherent conservatism in the design approach, giving further confidence 
in the likely long-term performance of the liners in service.
Considering the measurements for the development of hoop strain during the tests 
allows a number of interesting observations to be drawn. Firstly, as expected the 
measured hoop strain is generally observed to increase with time. In a number of 
cases the gauges delaminated at some point during loading, and hence the strain 
level has apparently reduced. This effect is considerably more prominent in the 
samples pressurised to a greater stress level. This is thought to be indicative of 
some difficulty related to the higher strain rate experienced and the level of 
adhesion between the strain gauge and the sample surface. The second 
observation is that the limits of measurement of the gauge are frequently reached,
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indicated by a sudden, sharp increase in the measured strain rate. This is artefact 
of the non-linear behaviour of the resistance of the strain gauges and is not an 
effect of the material behaviour. It was also found, as expected, that the 
accumulation of hoop creep strain in the 15 MPa samples was more rapid than 
that in the 13 MPa samples. This gave confidenee in the method, particularly in 
conjunction with the good agreement found between the tensile creep results 
previously reported in the literature and those determined here. As already 
indicated, the amount of strain measured by the displacement of the cross-head is 
an overestimate of that actually present in the sample gauge length. Similarly, 
though for different reasons, the amount of strain produced by a given stress level 
in simple tensile creep experiments, is an overestimate of that produced by the 
equivalent stress level in a multi-axial system, such as the pipe considered here. 
The disparity between the tensile creep data from the crosshead and that measured 
at the sample is explained by unavoidable slackness in the load train, the ability of 
the polymer to neck, thus effectively lengthening the gauge length and the 
difficulty in ensuring that a uniform displacement is experienced throughout a 
specimen. However, in the case of liner sections, the overestimate is thought to 
come from another source: Here, the samples were pressurised with mains water, 
with a temperature of typically around 12-14 °C, in line with the typical ambient 
temperatures at that time of the year. Given that the mechanical behaviour of the 
polymer under investigation is known to be highly temperature dependent it is 
reasonable to assume that carrying the tests out at a lower temperature than either 
the literature studies, or those reported on here, both of which were carried out at 
20 °C, will reduce the speed of accumulation of hoop creep strain. It is also 
possible that changes in shape and dimensions of the liner section over time, in 
the longitudinal direction, in some way inhibited or offset the ability to develop 
hoop strain to the same degree as in an unrestricted uniaxial test. However, the 
use of the von Mises equivalent to calculate the appropriate test stress should have 
negated this possibility. It is therefore likely that some variation in temperature is 
responsible for the observed difference between unrestrained liner section and 
uniaxial test piece behaviour.
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The variation in measured longitudinal strain, shown in Figure 6.7 and Figure 6.8 
below, is more difficult to account for. It can be seen that the typical recorded 
strain response for the liner sections in the longitudinal direction is somewhat 
different to that of the hoop direction. The longitudinal strain typically increases, 
then subsequently plateaus and begins to decrease again, often becoming negative 
(indicative of the sample undergoing a compressive deformation) towards the 
latter stages of the test. The liner section is unconstrained at both ends in the 
longitudinal direction, but the end terminations used offer a degree of hoop 
restraint that is likely to decrease as the distance from the end increases, reaching 
a minimum at the midspan of the specimen.
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Figure 6.7 Development of longitudinal strain with time at 13 MPa.
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Figure 6.8 Development of longitudinal strain with time at 15 MPa.
The precise physical basis for this variation is unclear, but it is thought to be 
related to the development of the hoop strain, which occurs at a far greater rate 
than the longitudinal strain. The hoop strain accumulates more rapidly than the 
longitudinal strain, since, for thin walled cylinder at a given pressure, the stress in 
the hoop orientation is twice that in the longitudinal direction, as shown in the 
equations below:
a hoop
a longitudin al
Pr
t
Pr
2t
Equation 6.1 and Equation 6.2
Where:
(Thoop
(^longitudinal
r
t
= hoop stress at pressure, P.
= longitudinal stress at pressure, P. 
= radius of thin-walled cylinder.
= thickness of vessel wall.
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Given this relationship, which is valid for thin-walled cylindrical pressure vessels 
(such as unsupported lengths of liner) under internal pressure, it is clear that the 
hoop stress will develop more rapidly than the longitudinal one. The amount of 
material from which the pressure vessel is made is constant. Therefore, when 
under pressure, as the system undergoes creep deformation, in order to maintain a 
constant pressure, it is a necessary condition that the volume of water in the vessel 
increases. It also follows that if the amount of liner material is constant and the 
vessel volume is increasing, then the wall thickness of the vessel must decrease. 
This thinning of the vessel walls will occur to its largest extent at the point where 
the walls have the most freedom to move, i.e. the midpoint of the liner section 
length. This is the point where the development of hoop strain is least inhibited 
by the mechanical limitations imposed by the presence of the end terminations. In 
this region, therefore, the hoop strains developed will be at their greatest, and due 
to Poisson’s effect their inhibition on the development of longitudinal strain will 
also be greatest. In other words, it is easier for the vessel to expand in the hoop 
direction to accommodate the extra volume, than it is for it to expand in the 
longitudinal direction, therefore material is drawn in the hoop direction from the 
extremities of the pipe, leading it to shorten, as time progresses, giving a reduction 
in the measured strain values. The initial increase is due to the fact that the creep 
strain has not yet begun to accumulate and therefore only the elastic element of 
the overall elongation is present. Once creep begins to proceed, the initial elastic 
strain is replaced by plastic strain, and the rate of this replacement determines the 
extent to which the liner section physically shortens. There is also likely to be a 
geometrical shortening effect caused by the pipe ‘barrelling’ at the centre; as the 
pipes diameter at the midsection increases, the separation of the ends is likely to 
decrease. This is analogous to drawing a bow, and the two points at which the 
string is attached to the ends of the bow become closer to one another. However, 
this effect, although it is likely to occur cannot be measured by the strain gauges 
employed, since under only this effect they would still read a positive, tensile 
strain, caused by the bending that leads to the barrelling effect. It is the 
development of creep deformation in the hoop direction that causes the pipe to 
physically shorten.
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As seen in Figure 6.4, Figure 6.5, Figure 6.7 and Figure 6.8, the measured strains 
for both the 13 MPa and the 15 MPa stress levels show considerable variation. 
However, the observed trends are thought to be indicative of the true behaviour of 
the material. The 15 MPa samples (Figure 6.5 and Figure 6.8), in general, creep 
more quickly than the 13 MPa specimens (Figure 6.4 and Figure 6.7), and the 
amount of strain increases with time. However, the 13 MPa results from the 
tensile creep tests of Boot et al. increase more quickly than the comparable hoop 
creep strain circumstance. It has already been shown that the material 
investigated here behaves in a manner similar to the material studied previously 
by Boot et al. Therefore it is likely that the variation between their material and 
liner sections at a comparable stress level will be for similar reasons to those 
outlined above in the comparison between tensile creep data and pipe data. It is 
important, though, in terms of allowing the model developed by Boot et al. to be 
applied to new circumstances, that any variability between empirical and literature 
results can be accounted for without rendering such a comparison invalid. It is 
therefore necessary not only to fully account for the variation in observed 
experimental results, but also the sources of the difference between the 
empirically observed results and the higher creep rate found in tensile creep 
experiments carried out for this study and reinforced by the literature.
It can be seen from Figure 6.4 and Figure 6.5 that the results from this testing 
programme show that creep occurs slightly more slowly on liner sections than on 
the tensile test pieces upon which the design models are based. There are two 
principal reasons for this. Firstly, the tests on liner sections were carried out using 
applied water pressure, meaning that the temperature of the test piece will reflect 
the temperature of the water inside. In this case, the internal temperature, due to 
weather conditions at the time of testing and the fact that the tests had to be 
conducted outside of the controlled laboratory environment, meant that the 
temperature was below that used in the initial tensile creep investigations (12-15 
°C, compared to 20-23 °C for the tensile creep tests), and as a consequence the 
polymer would behave as if it was stiffer and less viscoelastic. The second cause 
of this underestimation may be that the development of the longitudinal strain 
inhibited the development of the hoop strain in some way. The hoop strain
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definitely varies as the time progresses, increasing initially, then decreasing. The 
ends were unconstrained and the liner was free to expand in all directions. 
According to the mechanics of a cylindrical vessel, the hoop stress introduced in a 
section is twice the longitudinal stress and the strains bought about by the two 
stresses would be expected to be correspondingly different. It might be, therefore, 
that as time passes the level of interaction between the two stresses increases and 
leads to the shortening of the pipe in the longitudinal direction that is observed.
6,2.3 Shear Tests on Jointed Pipes
Apart from testing conditions that could occur during service, in terms of failure, 
it was also necessary to assess the performance of pipe connectors, such as are 
used to connect a lined section of pipe to an existing main. In this work, the 
coupling assessed was an electrofusion coupling, these are typically used when 
joining sections of liner. However, they can also be utilised in another 
arrangement, such as for tee-fittings, used to formulate junctions.
When examining the performance of these fittings there were two main 
considerations. Firstly, were the fusion zones created by the welding process 
robust enough to survive the tensile loading developed under shearing. Secondly, 
it was also necessary to ensure that the fittings could withstand the mechanical 
requirement imposed upon them during shear loading.
As indicated in the experimental write-up, the samples were pressurised, displaced 
and held at pressure until failure, or for one million seconds (approximately 12 
days), whichever came first. The final displacement was chosen during the test, 
based on the performance of the liner/fitting combination. In all cases the limits 
of displacement of the rig were reached before the limits of displacement of the 
liner/fitting combination. In one case the cast iron pipe fractured where the liner 
exited it, near the electrofusion coupling, this occurred on the test on 75 mm (3 
Inch) cast iron, which also had the thinnest wall section. It is thought that this thin 
wall (coupled with the degraded state of the pipe used in the trial) was responsible 
for this failure.
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Three different configurations of liner and fitting were examined. These were as 
follows:
• 150 mm (6”) diameter pipe with corresponding electrofusion coupling.
• 75 mm (3”) diameter pipe with corresponding electrofusion coupling.
• 75 mm (3”) diameter pipe with corresponding electrofusion coupling, but 
assisted with machined stainless steel sleeves, intended to ensure that a 
usable bore is retained even after deflection.
The aim of the inserted stainless steel sleeves was to resist the shear deflection to 
some extent and provide a usable bore throughout the lifetime of the pipeline. In 
fact, though, it was the presence of these sleeves that caused the cracking in the 75 
mm (3”) diameter pipe. Eventually, the cracking developed to such an extent that 
the test was aborted. The initial interference contact between the internal sleeves, 
the liner and the cast iron host main was felt at about 45 mm displacement. On 
the next displacement step, from 45 mm to 50 mm, a crack developed in the cast 
iron main. This was wrapped with fibre-reinforced tape, and the test continued. 
The cracking continued though, and the test was aborted at 75 mm, in order to 
preserve the host cast iron piece for further investigations.
In the second test in this series, the same 75 mm (3”) bore cast iron host main was 
used, in conjunction with a new section of the same type of liner. The stainless 
steel inserts, though, were omitted, with a corresponding increase in end 
deflection from the 75 mm at which the previous test was aborted to over 200 mm 
in the next tests, one of which failed at 206 mm deflection and one that continued 
to the 217 mm deflection that the rig was able to achieve for pipe of this diameter. 
Once it had reached the limits, the liner was subsequently able to withstand 
further maintenance of pressure for some two weeks afterwards. A third test had 
reached a displacement of 206 mm, when a sharp edge on the host main punctured 
the liner, leading to failure. The presence of such sharp edges, or tangs, as Boot et 
al. refer them to in their work, is thought to be critical to the survivability of liners 
under these sorts of imposed shear conditions.
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In the final test of this sort, a different liner diameter was considered, 150 mm 
(6”) internal bore. For this test a lower pressure of 6 bar was utilised. Under 
these circumstances the liner was able to survive the fullest possible extent of 
deflection, in this case 155 mm.
Figure 6.9 and Figure 6.10 show the extent of deflection for the 75 mm liner.
Figure 6.9 Extent of deformation of a 75 mm (3”) liner with an electrofusion coupling 
at the beginning of a test.
Figure 6.10 Extent of deformation of a 75 mm (3”) liner with an electrofusion coupling 
at the end of a test 12 days later.
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It can be seen that in both cases the electrofusion fitting permits significant 
articulation of the liner and also tends to maintain the liner in a round shape, 
rather than permitting the liner to collapse, as it would tend to do were it 
unsupported when the shear deflection were applied.
Figure 6.11 and Figure 6.12 give an indication of the difference in achieved 
articulation for different diameters of pipe under the same overall deflection, i.e. 
the deflection applied by the moving support of the rig is identical, being the 
maximum achievable deflection of the rig.
75 mm (3”) start 75 mm (3”) end
Figure 6.11 Amount of articulation before and after deflection for a 75 mm (3 inch) 
diameter liner.
V ’■
150 mm (6”) start 150 mm(6”) end
Figure 6.12 Amount of articulation before and after deflection for a 150 mm(6 inch) 
diameter liner.
Figure 6.11 and Figure 6.12 show that the articulation caused by a given 
deflection at 75 mm (3”) diameter internal bore, and hence liner outside diameter.
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is greater than that caused by the same deflection on a 150 mm (6”) diameter. 
There are thought to be a number of circumstances where these liners may be 
relevant, in industrial application. In the first situation, the UK water industry, the 
fact that the 75 mm (3”) pipes can articulate more for a given deflection than the 
150 mm (6”) pipes is likely to be irrelevant, since the actual deflections in service 
are likely to be small. However, in the second circumstance, that of an overseas 
seismic application, this outcome has greater relevance. This is because it is 
implicit that the liners in the 150 mm (6”) case will be more able to survive the 
impact of seismic events than the smaller diameter lined pipes. This might, in the 
future, have an impact on the selection of liner systems for pipes in seismic 
regions.
The main aim of this section of work was to examine the performance of lined 
and jointed pipes under conditions that may occur following ring fracture of the 
host main. The ability of a welded coupling to survive the deflections is 
important, since it is immaterial if the liner can survive such loadings, unless the 
joints use can also survive. The work described above, demonstrates that the 
ability of the welded joint itself to survive cannot be questioned, since the weld 
did not fail under any of the applied conditions. The presence of sharp edges, or 
tangs, though, was found to have a deleterious effect on liner performance for 
loadings of this type. The observation that the welds are able to survive 
deformation of this type, though, is a significant one, particularly in view of the 
industrial context of this work. The tendency of the coupling to maintain the 
roundness of the pipe is also important, since this means that not only will the 
system (liner and host-pipe) be capable of holding water, but it will also be able to 
transmit that water to a destination. As we shall see later, the distinction between 
an ability to survive without leaking and the ability to transmit water successfully 
under pressure is an important one.
6.2.4 Long Term Shear Tests
In the long-term shear tests, pipes were loaded to a given displacement at a rate 
equivalent to that used in the flexural tests discussed earlier, i.e. a nominal 1 mm
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min The pipes were then held at the applied displacement, under applied water 
pressure, for a period of time and their ability to survive under the creep 
conditions so developed assessed. The time period chosen was one million 
seconds (equivalent to around 12 days), this was chosen in order to allow the 
development of creep deformation.
In general, the liners tended to survive the displacement and subsequent holding at 
pressure for the time period. Only three of the twelve samples failed during the 
application of the initial displacement, whilst no sample failed having reached the 
required level of displacement. It may therefore be stated that no failure was 
observed during this phase of testing that was related to creep in the liner material. 
This is because the three pipes that failed all failed during the short-term initial 
displacement stage of loading, in which creep could not yet have occurred to an 
extent that would threaten the integrity of the liner. Following failure, each of 
these liners was investigated and each failure was found to have occurred in a 
region where a sharp edge, or tang, was present on the liner. One of these edges is 
shown in Figure 6.13. It should be noted that although no specific reason could 
be found for the premature failures on these pipes, it is likely that the sharp edges 
are in some way responsible for this problem, perhaps by acting as stress raisers. 
The work of Boot et al. has shown that the presence of sharp edges is, in certain 
circumstances, negligible, but the work presented here suggests that this may not 
always be so. The manner in which these tangs affected the performance of the 
liner is unclear, but the results suggest that they did. It would therefore be of great 
benefit, in the future, if this relationship was given greater attention.
Figure 6.13 A lined cast iron pipe, with a sharp edge, caused by the cutting operation.
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Figure 6.14 below shows the pipe from Figure 6.13 under a shear deflection, it 
can be seen that the pipe is leaking, signifying that it has failed.
U
Figure 6.14 Pipe that has failed during application of the shear displacement.
It was discovered that when the pipes successfully achieved the full deflection, 
they were then able to withstand the subsequent accumulation of creep 
deformation. The fact that the pressure chosen and the displacement applied are 
both at the upper bound of the conditions likely to be experienced in the field is 
encouraging, since it signifies that the performance in longer term testing and 
eventual field service should be good. During these tests the phenomenon of 
‘peel-back’ was observed. This is represented schematically in Figure 5.5.
This peel-back phenomenon is due to the formation of a tensile load across the 
longitudinal axis of the pipe/liner system by the shear action applied by the rig. 
The length of liner peeled back is analogous to an unsupported length, and ought, 
therefore, to be able to be accounted for by the existing design procedures. It is 
therefore necessary to be able to understand the amount of peel-back that occurs 
under deflection, the extent to which this changes with time, and also the length of 
liner unsupported outside of the host main itself. If the parameter, Py, the amount 
of peel-back is known, along with the amount of liner unsupported outside the 
host main, the total unsupported length can be allowed for using the existing
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design procedures, produced previously by Boot et al. The total unsupported 
length will be given by the length unsupported inside the host main, added to that 
unsupported outside the host main. It is therefore necessary that the effect of 
creep deformation on the extent of this peel-back phenomenon be understood in 
order to allow for the design procedures to be adjusted appropriately, if required.
The fact that the liner did not fail under these conditions was encouraging. 
However, in order for a proper understanding of the behaviour of this liner/host 
pipe system under this loading to be gained it is also necessary to have knowledge 
of what is required in order to precipitate failure. The next section describes a 
second series of tests that were planned in order to develop a greater 
understanding of the failure of the liner under these shear conditions.
6.2.5 Short Term Shear Tests
In order to gain an understanding of the behaviour of the material at failure it was 
desirable to hasten the onset of failure. This was achieved by increasing the initial 
rate of application of shear from 1 mm min'^ to 10 mm m in '\ and by increasing 
the applied pressure at the end of the shearing operation. This meant that in all 
cases the liner failed. The key difference in this set of experiments, aside from the 
increased severity of the applied loading, was that a series of measurements were 
taken that allowed the peel-back parameter, Py, to be determined. This parameter, 
as indicated in the previous section, will be key in allowing the existing design 
procedures to allow for loadings other than those originally intended.
During the initial shear deformation, one pipe/liner system failed, evidenced by a 
leak. During preparation of the test pieces, a significant amount of manual 
handling was unavoidable. It is believed that the reason this liner failed was due 
to this series of manual handling operations. The simulated fracture at the mid­
span of the host pipe acts as a point of articulation or flexure, allowing the system 
to bend around that point using the liner as a hinge. The difficulty under this 
situation is that there is some risk of the liner becoming trapped between the two 
edges of the pipe and becoming ‘pinched’. This effect could, under either the
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shear loading or the subsequent applied pressure, lead to premature failure in the 
actual test. It is thought likely that the handling operation was the main 
contributory factor to the premature failure of this one test piece.
It was found that as each test proceeded, the amount of peel-back increased to a 
maximum at the full 50 mm deflection. The extent of peel-back was roughly 
equivalent to 80 % of the applied deflection. Figure 6.15.
Figure 6.15
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Variation between extent of peel-back and applied shear displacement for 
the lined pipes.
It is also noticeable that following the achievement of the full 50 mm of 
deflection, and the subsequent application of the pressure to failure, the amount of 
peel-back generally decreases. This implies that under normal service conditions, 
where a shear displacement is experienced and then creep conditions are 
subsequently prevalent, the amount of peel-back would decrease with time, 
assuming that no obstruction were present. It is therefore likely that as time 
passes, the unsupported length would decrease, meaning that the likelihood of 
failure should lessen, as the pressure required to rupture a liner is inversely
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proportional to the unsupported length. The key variable in this set of tests was 
the gap between the simulated failure surfaces. It was believed that this gap 
would be critical, particularly during the longer term, since it would effect the 
unsupported length, and hence the ability of the liner to survive over time. Figure 
6.16 shows the variation of the initial gap between the failure surfaces compared 
to the final annular gap formed.
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Figure 6.16 Variation between extent of peel-back and the initial gap between the two 
halves of the host-pipe.
It can be seen from Figure 6.16, that the amount of peel-back is unaffected by the 
initial gap present, shown by the horizontal black line in figure 6.16 which gives 
the line of best fit by the method of least squares. However, the gap is likely to 
affect the ability of the liner to withstand elevated pressures, corresponding to 
longer periods of time in service. Figure 6.17 shows the relationship between the 
initial gap and the pressure required to cause failure.
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Figure 6.17 The relationship between initial gap and failure pressure.
There seems to be a threshold at around 10mm where the required pressure to 
failure takes a step change, further work in investigating the exact values of this 
threshold and its effect on the applicability to design criteria would be of great 
potential future value.
The development of the displacement, the peel-baek and the eventual failure are 
illustrated in Figure 6.18 to Figure 6.25. This series of photos below shows the 
development of the shear displacement and the progression of the subsequent 
pressurisation to failure. Figure 6.18 shows the pipe prior to shearing, whilst 
Figure 6.19 shows the same pipe following the application of the shear 
displacement.
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Figure 6.18 Lined cast iron host main prior to the application of shear displacement.
Figure 6.19 Pipe that has undergone the 50 mm shear displacement, prior to the 
pressurisation to failure.
It can be seen from Figure 6.19 that the liner is capable of surviving the shear 
displacement chosen for this work. An area of tom liner material is visible in the 
displaced region, but this is not the liner itself, merely the liner retention sleeve, 
that has failed under the shear displacement conditions. The inability of this
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material to survive the loading is not thought to be indicative of a likelihood of the 
liners being unable to survive similar displacements over the longer term.
Figure 6.20 shows the host pipe/liner system shortly after the internal water 
pressure was raised.
■ . i:
Figure 6.20 Host pipe and liner system shortly after the internal water pressure was 
increased. Note more rounded profile of liner.
It can be seen that the liner is already tending to show a more rounded profile, 
indicating that the pressure inside is increasing the tendency of the liner to deform 
and ‘bulge’ out of the host main. This bulging is shown to a greater extent in 
Figure 6.21.
Figure 6.21 The liner tends to ‘bulge’ out of the host main as pressure increases.
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It can be seen from Figure 6.21, above, and Figure 6.22, below, that considerable 
plastic deformation is experienced by the liner prior to failure.
Figure 6.22 Liner immediately prior to failure, considerable plastic deformation is 
evident in the area that will fail.
The significant plastic deformation that the liner is able to withstand prior to 
failure is encouraging. This is because if it is true that creep deformation is the 
pre-eminent cause of failure in these liners, and large deformations can be 
withstood without the liner failing, then it is logical to assume that under ordinary 
creep conditions such extensive deformation will accumulate over a long time, 
meaning that such liners ought to have long service lives following host main 
failure.
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Figure 6.23 Liner at the beginning of failure.
Figure 6.23 shows the situation as the liner begins to fail. It can be seen that the 
liner opens up to form a tubular oriflee, during failure. The water pressures drops 
to zero as the water pressure is released by the ejection of water. Figure 6.24, 
shows the same situation an instant later, as the flow of water has begun to 
subside. It can be seen that the bulge of the liner tends to recede as the failure 
proceeds, leading to the development of the characteristic ‘parrot-beak’ failure, 
shown in 6.24, below
Figure 6.24 Liner during failure, a moment later than in Figure 6.23.
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Figure 6.25 Failed pipe, showing the failure in detail, a so-called ‘parrot-beak’ failure.
As can be seen from Figures 6.18 to 6.22, the MDPE liner material tested in this 
study is able to withstand substantial displaeements without failing. The previous 
set of long-term tests demonstrated that the ability of the liner to withstand such 
displacements over time is considerable. The pressurisation to failure elucidated 
valuable information about the likely trends in long-term behaviour. It can be 
seen from Figure 6.22 and Figure 6.23 that one of the effects of pressurising the 
pipe in this way is to reduee the amount of peel-baek, the reduction in peel-back 
was not directly measured, but can be readily observed in the photographs. This 
is likely to have caused the liner to thin in the unsupported region.
The inherent ability of the liner to withstand both strenuous loading arrangements 
and high levels of deformation is valuable in terms of the application of these 
liners. The behaviour observed in these tests demonstrates that the liners are 
likely to be able to withstand typical UK service conditions, both in terms of 
transient effects such as circumferential fracture and in terms of the conditions 
that may occur subsequently, such as the shear condition assessed in this section.
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7. CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER WORK
7.1 Conclusions
• The water network in the United Kingdom consists of an underground 
network of predominantly cast iron pipes, which are, in some areas, badly 
degraded.
• The degradation arises from a combination of the age of the pipes, which 
is often in excess of 150 years, and from the chemical and physical 
conditions that prevail where the pipe is buried.
• The Thames Water network, which supplies some 8 million customers, 
consists of 32,000 km of pipes, of which 85 % are cast iron.
• The network is divided into three sizes of main; trunk mains, distribution 
mains and service connections. Distribution mains, which are 75-300 mm 
(3-12 inches) in diameter, make up some 80 % of the cast iron network.
• The chemical degradation of the water mains is typically a result of 
corrosion. Physical degradation can be caused by traffic, the shrink-swell 
action of the soil and third party activity. In the distribution mains of 
interest, the most common failure brought about by these effects is 
circumferential, or ring, fracture, of the cast iron pipe. Such ring fractures 
are a result of an accumulation of tensile and bending stresses in the pipe 
wall.
• The degradation of cast iron mains is directly responsible for a number of 
environmental impacts. These include excessive energy consumption by 
the water industry in its treatment and distribution processes, the loss of 
treated, abstracted water to leakage and knock-on effects on groundwater 
levels.
• Aside from the direct effects of degradation, there are also a number of 
indirect effects, such as extra greenhouse gas emissions caused by 
diversions around roadwork and required construction traffic.
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• This degradation can be combated by a variety of methods, known 
collectively as rehabilitation.
• Rehabilitation consists of repair, replacement, maintenance and 
renovation.
• Renovation techniques allow a degraded main to return to an acceptable 
level of service, negating or minimising the effects of the degradation.
• The degradation problems that can be combated by renovation include; 
leakage, water quality and hydraulic problems.
• The interactive (or semi-structural) methods that are the subject of this 
research are of particular interest, since they can allow a greater number of 
these possible degradation problems to be remedied with the minimum 
cost and inconvenience to the customer.
• The performance of such interactive liners, over existing defects, such as 
holes (caused by corrosion) and gaps (caused by ring fracture or poor 
jointing practices) has been well studied.
• The behaviour of liners under ring fracture conditions and conditions that 
may occur subsequently were characterised using a variety of mechanical 
testing solutions. Three liner systems, plus an unlined control, were 
considered. The liners were epoxy resin lining, Plusliner and Subcoil, the 
latter two of which are interactive with the former being non-structural.
• Cast iron pipe was manufactured specifically for use in this work, to 
minimise the effect of service defects and allow a greater degree of control 
over the likely fracture behaviour. This pipe was horizontally sand cast, 
and was found, after metallographic evaluation, to have an acicular 
graphitic morphology such as that typically found in pipes within the 
Thames Water network.
• The pipes were lined and then subjected to displacement-controlled 
loading in a four-point bending geometry until they failed. The ability of 
the host-pipe/liner systems to withstand host-pipe failure was hence 
determined. Some of the pipes had a circumferential notch introduced into 
their wall to simulate the effect of corrosion reducing the strength of the 
cast iron pipe.
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• It was found that the non-structural epoxy resin lining was unable to 
survive the failure, whilst both of the interactive liners were able to 
withstand the host-pipe failure criterion.
• During this phase of work the performance of the cast iron pipes in 
bending was also assessed, this allowed the likely maximum stress that the 
pipe-liner system could be subjected to in service conditions to be 
ascertained, since the condition of brand new pipes that have experienced 
no degradation represents a good estimate of the best likely condition that 
could be found in the ground.
• Strain gauges attached to the pipes were used to determine the strain 
response of the pipes in four-point bending and, subsequently, the 
moment-curvature response of the pipes.
• Displacement-controlled tensile testing was used to examine the stress- 
strain behaviour of cast iron samples taken from the pipes. A model was 
developed that enabled the stress-strain response of the non-linear cast iron 
to be used to predict the moment-curvature response of a pipe in bending.
• The fact that lined pipes are able to survive the ring fracture criterion is 
considered to have important implications for the use of such liners in the 
UK water industry. It is also believed that this finding may be of 
significant use in overseas applications, particularly in regions of seismic 
activity. In such regions, it is unlikely that in the region of the epicentre, 
any pipes, lined or unlined, will be able to survive in the event of an 
earthquake. However, in regions that are geographically removed from 
the epicentre - but experience some seismic movement - it is highly likely 
that the addition of an interactive liner to cast iron water distribution 
network will enable some pipes that would otherwise fail to survive, 
maintaining the critical water supply.
• The Subcoil liner is currently in service and has well understood design 
criteria, for this reason it was chosen for further investigation in the second 
stage of the project.
• The Subcoil liner was characterised in terms of its ability to withstand 
shear deflections of a type that is thought likely to occur in a lined pipe 
that has experienced, and survived, a ring fracture.
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• The similarity of the notionally identical polymer used to make the 
Subcoil with that used in the studies in the literature that used Rolldown 
was confirmed using a series of tensile creep tests.
• The similarity between creep of a tensile creep specimen, monotonically 
loaded on a uniaxial tensile testing machine to the biaxial stress state 
developed in a liner wall under internal pressure was examined by 
comparing the creep behaviour of a liner under constant internal pressure 
to the behaviour of the uniaxial test pieces. Good agreement was found 
between the tensile creep and pipe wall creep results, giving additional 
confidence both in the methods used here and those employed by Boot et 
a l , in the literature studies.
• Based on the comparisons above it seems likely that there will, with 
appropriate further investigation, to apply the existing design criteria 
proposed by Boot et al. to situations other than those for which they were 
originally created.
• The Subcoil liner was found to be able to withstand both significant short­
term deflections and similar levels of long-term deflections. The short­
term tests had failure precipitated by increasing the pressure at the end of 
the test. It was found that as pressure increased, which is analogous to 
creep deformation accumulating over time, the liner, which had peeled 
back from the host main under the shear displacement, tended to displace 
back onto the host pipe. This means that provided the liner can be shown 
to be able to creep sufficiently to reach the host main wall again, the 
existing design procedures (Boot et al., 1996) may be applicable with little 
modification.
• The interactive liners have been shown to be able to withstand both ring 
fracture conditions and a likely loading that may occur post ring fracture.
• They can be used to renovate mains with a variety of service problems. 
However, whilst it was previously thought that interactive liners could not 
be used in conditions where a pipe had a history of ring fractures, this 
work has demonstrated that they can, in fact, be of great use in such 
circumstances.
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• Interactive liners can offer a selection of cost, customer impact and 
environmental advantages over both independent lining and replacement, 
which are the solutions that would typically be considered for a main with 
a history of ring fracture.
• They also offer significant advantages over repair solutions that are often 
used. Ring fractures, whilst the effects are sometimes apparent, can be 
difficult to locate, this sometimes makes repair and time consuming and 
labour intensive task. Lining a main that has a history of ring fi*acture with 
an interactive liner offers a ‘fit and forget’ solution that would necessitate 
no further maintenance intervention over the design life of the liner, under 
normal operating conditions, including ring fracture.
7.2 Recommendations for Further Work
The work presented in this portfolio shows that there are three main areas that 
require further consideration in order that interactive liners can become used more 
in service than they currently are:
1. More liners should be studied in greater depth. In particular, it would be 
of great interest to determine the response of other liners such as Rolldown 
and Cempipe to the ring fracture criterion in the first half of the work. In 
addition, the conditions that occur after failure could be further 
investigated, in order to consider issues such as stress concentration 
(around ‘tangs’, for example), the effect of protruding ferrules and also the 
effects of unexpected variations in diameter of the network on liners.
2. In order to allow for the more accurate measurement of the peel-back 
phenomenon, which is likely to be of great importance in determining the 
applicability of existing design criteria, it may be useful to utilise Perspex 
or another transparent material as the host main, to allow for more 
effective observation of the liner under loading.
3. The condition assessment methodologies that are used should be 
developed to allow for the different methodologies of lining available. At 
present a lot of energy is being expended determining to what extent the 
pipes in the network are degraded. In order to allow greater use of lining
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technologies it would be of very helpful if condition assessment 
understanding was extended to consider both the liner and existing 
infrastructure.
Footnote to the reader:
Since the initial submission of this thesis RWE have sold their interest in Thames 
Water. Similarly, Subterra, now known as Enterprise, were also sold by Thames 
Water during the process of this work being carried out and subsequently 
completed.
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ABSTRACT
Cast iron pipes have been loaded to failure using a four point bending geometry 
under displaeement-controlled loading. Specimens were tested with various liner 
configurations: unlined, epoxy resin lined or lined with one of two interactive 
(semi-structural) liners. Some of the pipes also had a circumferential notch 
machined into the surface, in order to simulate the effect of corrosion. The results 
indieate that the interactive liners are able to survive catastrophic circumferential 
(ring) failures of the type caused by such loading.
Simple bending theory enabled the stress/strain response of the cast iron to be 
determined using strain gauges, and the failure strengths of the pipes to be found. 
The failure strengths showed variability, not unexpeetedly for a nominally brittle 
material. There was no apparent effect of the liners on the strength values for 
either the un-notched pipes or the notched pipes. There was a weak correlation 
between increasing notch depth and decreasing failure stress.
INTRODUCTION
In the UK water industry there are currently a number of interactive (semi- 
structural) pipe liners, both in use and under development. At present, however, 
the tendency is to use these systems under conditions of minimal load bearing 
requirement, i.e. the loading taken by the liner under either transient eonditions, 
such as soil loading, or under more dynamie conditions, such as those associated 
with pipe fracture, is assumed to be negligible. In the future, the use of interactive 
liners is likely to increase for two main reasons. Firstly, the installation and 
operation of these liners will become cheaper and hence they will be more cost 
effective and thus more attractive. Secondly, as the age of assets increases the use 
of liners to prolong asset life and for the control of leakage may become more 
widespread.
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The analysis of interactive liners under service conditions must consider a variety 
of mechanical and chemical factors and their interactions, which are an inevitable 
consequence of the nature of pipelines. Some research has been conducted on 
certain interactive liners in order to determine their structural properties (Boot et 
ah (1), Boot and Welch (2)). There is also published work (Gumbel (3), Boot and 
Toropova (4)) regarding the response of interactive liners to different service 
conditions. These latter studies have focused on the behaviour under hole 
spanning and gap bridging conditions and have used finite element analysis (TEA) 
to predict the performance of liners under a given loading condition. There 
appear, however, to have been fewer previous studies which have considered the 
response of the liner under the conditions of host pipe fracture which may lead to 
the formation of sueh gaps and holes. This is the area of the current study.
It was decided that an appropriate starting point for the present work would be to 
examine the behaviour of different liners under an extreme failure condition. The 
liners of interest are installed mainly in 100-150 mm (4-6 in.) diameter mains and 
hence it is appropriate to consider the response of the liners under the most severe 
failure event seen within this diameter range. The most common structural failure 
for such mains is ring fracture which may result from flexural loading. Flexural 
loading may be associated with a number of causes including ground movement 
or backfill erosion, installation factors (such as improper jointing or baekfllling) 
and external factors, such as traffic loading. At present it is believed that a major 
contributory factor to flexure induced circumferential failures is soil moisture 
deficit; a good correlation between low rainfall and the incidenee of high burst 
rates has been observed (UKWIR, (5)).
In the work described here, a series of mechanical tests were carried out on cast 
iron pipes with varying types of liner. Two interactive liners were eonsidered. In 
addition a non-structural technology and an un-lined control were examined. It 
was also necessary to consider the possible degradation of a host main, and to this 
end tests were carried out on pipes in which a circumferential notch had been 
introduced. The purpose of the notch was to provide a defect and hence to reduce 
the failure load of the pipe, as corrosion would do. The effeet of water pressure 
on liner survival will be considered in later work.
EXPERIMENTAL WORK
Rather than removing lengths of pipe from underground, cast iron pipes were 
manufactured specifically for this work. There were two reasons for this. Firstly, 
new as-manufaetured pipe is likely to have more repeatable failure strengths than 
pipe from the ground, which may be of differing ‘vintage’ as well as differing 
states of repair. Secondly, such pipe is more easy to acquire in the large quantities 
required here. As indicated earlier, some of the pipe samples had a 
circumferential notch introduced into the wall thickness at the mid-span to
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simulate the effect of corrosion. The notch was introduced by machining the pipe 
on a lathe. The depth of the machined notch was measured subsequently from the 
fracture surface of the failed pipe.
A number of different liner systems were tested, as well as an unlined control. 
There were two interactive liners, Subcoil and a new development, and one non- 
structural technique, epoxy resin lining. The interactive liners were considered to 
have survived the test if no obvious hole was apparent from visual inspection of 
the liner following failure.
A series of mechanical tests were carried out using an Instron 8800 servo- 
hydraulic testing machine. The tests were carried out in a four point bending 
geometry under displacement-controlled loading. Displacement-controlled 
loading was chosen since it is believed to mirror the loading which will be 
experienced by a pipe in service more closely than load-controlled loading. The 
four point bending geometry, figure 1, results in a uniformly stressed central 
gauge length. The maximum bending moment is experienced over a larger area of 
the sample and the chance of finding a representative critical defect is increased 
compared to three point bending. The expression for the bending stress is 
developed in the next section. Figure 2 shows a specimen under test.
L/4
F/2 F/2
F/2 F/2
Figure 1 The four point loading geometry, in which a constant bending 
moment is experienced over the central gauge length of the 
specimen. In this work L = 1.2 m, and the central gauge length L/2 
is 0.6 m.
Figure 2 A photograph of the dry test set-up.
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The strain response of the host pipe during the tests was measured using uniaxial 
strain gauges located on the crown (top) and invert (bottom) of the specimen.
One problem which became apparent as the testing proceeded was that due to the 
nature of the horizontal sand casting process used in the manufacture of the pipes 
there was a noticeable variation in wall thickness of the pipe around the failure 
section. This degree of non-eoncentricity was unexpected, but may be accounted 
for in calculating the section properties, required for simple bending theory. The 
failure stress of the pipe may then be calculated as outlined in the following 
section.
THEORETICAL BACKGROUND
Standard bending theory gives:
M  <j E
y
(1)
In this expression, cris the stress in the beam at a distanee, y, from the neutral axis 
of the section. E  is the Young’s Modulus of the material and R is the radius of 
eurvature to which the beam is deflected. M  is the applied bending moment and 
for four point bending geometry is given by M  = FL/8 (see figure 1). The 
parameter I  denotes the second moment of area of the section about its neutral 
axis.
For a symmetrical pipe, where the internal and external diameter are concentric, 
the neutral axis is located at the mid-section and /  is given by:
(2)
where do and dt are the outer and inner diameters of the pipe, respectively.
As already mentioned the internal and external diameters were not concentric, as 
can be seen in figure 3, and it was necessary to modify the approach in order to 
allow for this. In order find the location of the neutral axis of the section, it was 
necessary to assume that the thick part of the section is always at the bottom and 
that the pipe consists of a circle located within a circle, i.e. the pipe has no ovality. 
The first assumption is reasonable, since the thickest part of the seetion is also the 
heaviest and hence naturally orients itself downwards. Figure 3, which shows a 
photograph of a pipe failure surface with circles superimposed over the inner and 
external diameters, suggests that the second assumption is also justified. Figure 4 
shows the idealisation used in the calculations.
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Figure 3 Photograph of a pipe, showing that both diameters are circular.
Figure 4
y  lies in this region
Schematic representation of the pipe dimensions used in this 
work.
The positions of the neutral axes of the two diameters, y^ and y . , are given by
d f2  and (tr + d/2) respectively. The value of y  for the pipe section as a whole, is 
then given by:
-  _ A  To -  4 t ,  
y -
A - 4
(3)
where Ao = Tido /4 and 4, = Tidi /4
The second moment of area of a section may be calculated using the following 
general formula,
^ p ip e  ~  ^  ^  Ai
where:
I  pipe = second moment of area of pipe.
IA = second moment of area of external diameter.
(4)
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= second moment of area of internal diameter.
Equation 5 below is the general equation for parallel axis theorem.
(5)
^ N .A . ^centroid
where:
I n .a . -  second moment of area of the section about its neutral axis.
Icentroid = secoud moment of area of the seetion about its centroid.
A = area of seetion.
h = distance of the centroid from the neutral axis.
The final expression for the second moment of area of an asymmetric pipe, 
resulting from combining equations (4) and (5) is given in equation (6) below.
/  =
pipe I  A ,c m ,w id  +  A o { y - y  o )  -  ^  A ,cem otd  +  4  ( j '  “  ]
(6)
where I^ c^emroid Ij^ .centwid are the moments of area of the individual circles 
about their centroids.
Combining equations (1), (4) and (6) the maximum tensile stress in the pipe at 
failure is found from:
rr =max J
M y
pipe
(7)
RESULTS AND DISCUSSION 
Failure Observation
During dry testing it was found that the large majority of failures were tensile in 
nature, with the pipe failure initiating at the bottom surface of the pipe, i.e. the 
invert. However, some failures occurred which appeared to be due not to tension, 
but either associated with compression or perhaps buckling in the compressive 
region of the pipe. These failures were associated with very thin wall thicknesses 
corresponding to very asymmetric pipes. A further issue noticed was that for 
some pipes the manufacturer had used chaplets (casting supports), in order to 
minimise the asymmetry of wall thickness resulting from core movement during 
the casting process. In one instance this support was improperly fused to the host 
material and hence acted as a large defect within the material, resulting in a lower 
failure stress for that sample.
EngD Portfolio -  Volume I A l- 7
Benjamin B. Crunkhom Appendix 1
Both interactive liners were able to survive the failure of the cast iron host pipe. 
However, it was difficult to determine whether the failure event itself could have 
damaged or potentially perforated the liner. Thus, as mentioned before, where no 
obvious evidence of such damage was present the liner was taken to have 
survived. Future water pressurised tests are expected to show such damage 
(particularly leaks) more effectively. They are also expected to give an indication 
of whether liner behaviour is changed by the application of water pressure and the 
increased level of surface interaction this is likely to cause. Nonetheless the 
observation that the semi-structural liners are capable of surviving the failure 
conditions which may be imposed on them in service is a signifieant outcome.
Strength of Pipes
Using the method of the previous section the failure loads were converted to stress 
values. Figure 5 shows the failure stresses for all pipes tested. A significant 
variation in failure stress is noticeable for some combinations of liner and 
condition (i.e. notched or un-notched). This is believed to reflect the material 
variability. For the un-notched specimens the mean and standard deviation of the 
strength values is 241.5 ± 38.7 MPa. The notched specimens seem to show two 
bands of failure stress, one band containing the unlined and epoxy resin lined 
samples and the other consisting of the Subcoil lined samples and those lined with 
the new development. The mean strength and standard deviation for the notched 
samples is 178.1 ± 40.5 MPa.
350.00E+6 T
300.00E+6 -
250.00E+6 -
200.00E+6 -
150.00E+6 -
lOO.OOE+6
50.00E+6 -
OOO.OOE+0
Figure 5 A bar chart of the failure strengths for all pipes, the shaded bars 
are pipes with a notch and the unshaded are those without.
As indicated earlier there was a variability in notch depth. Hence in order to 
attempt to determine whether the apparent differences between notched pipes 
lined with interactive liners and those without were a ‘real’ effeet e.g. due to the
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liner conferring strength to the system or simply a variation due to experimental 
factors it was decided to measure the notch depth in the tensile region (i.e. the 
pipe invert) for each of the specimens. This made it possible to investigate 
whether any correlation existed between apparently strong pipes and shallow 
notches, or vice versa. In this work the basic mechanism by which a notch can 
affect the strength of a pipe is interpreted using a stress concentration factor 
(SCF), although loss of section may also be applicable. In this approach the notch 
is considered as a defect and its geometry describes the degree of stress 
concentration. The expression for SCF (A^t) is:
K j .  =1  + 2
(8)
where a is the depth of the notch and p  its root radius.
If the notch affects the failure stress simply by loss of section, then a plot of 
failure stress against notch depth would be expected to give a straight line. 
Similarly if the stress concentration factor were the governing criterion, then a 
plot of failure stress against the reciprocal of the elastic stress concentration factor 
would be linear. Figure 6 shows a plot of failure stress against the reciprocal of 
the elastic stress concentration factor. It can be seen that there is a tendency for 
failure stress to increase as notch depth decreases, but the correlation is very 
weak. If a strong correlation between failure stress and notch depth existed, it 
would show that the liners are not responsible for the extra strength observed. 
However, the lack of such a correlation is not considered by the authors to be 
proof that any such strengthening effect occurs. Material variability may again be 
the controlling factor.
250.0E+6
200.0E+6
150.0E+6--
100.0E+6--
50.0E+6
OOO.OE-tO
PEN 2*
PLN l*
ELN2*
♦ELN3
y = 5E+08x + 6E+07 
R^ = 0.1045
♦SCN2 
♦ PEN 3 
♦ SCN3
♦SCNl
♦UEN2
*UEN3
0.05 0.1 0.15
1 /K t
0.25 0.3
Figure 6 Plot of failure stress against inverse stress concentration factor. 
There is some evidence that the failure stress decreases as notch 
depth increases i.e. 1 /K t  decreases.
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Stress/Strain Behaviour of Cast Iron
The final data are from the stress/strain analysis. Stress and strain data were 
generated for both the un-notched and notehed test pieces. Figure 7 shows 
stress/strain curves for two typical pipes. It can be seen that both curves show 
similar trends. Clearly there is some variation in failure strain.
300.0E+6
SCUN 2 ~
250.0E+6 --
ULUN 2200.0E+6
5
% 150.0E+6 -
I
lOO.OE+6 "
50.0E+6
OOO.OE+0
0.0020 0.004 0.006 0.008 0.01 0.012
Strain
Figure 7 Stress/strain comparison of two un-notched specimens.
If the stress at any point is divided by the corresponding strain value, the secant 
modulus of the material is obtained. By considering the curve of progressive 
secant modulus against strain it is possible to determine the elastic modulus of the 
material itself. On a plot of secant modulus against strain, the Young’s modulus 
of the material, represented by a straight line on a standard stress / strain curve, is 
shown by a straight line parallel to the abscissa. Due to the non-linearity of the 
material, this flat region is relatively small (compared to the total failure strain of 
the material), and is shown on the plots by a ‘best fit’ straight line through the 
relevant area. The earlier region of higher values is ignored, as this is associated 
with machine noise and bedding in at the start of the test. Figure 8 shows a 
typical plot of secant modulus versus strain for this cast iron. There is a region of 
constant modulus at approximately 215 GPa. This is a reasonable value for a 
modem cast iron and provides confidence in the test method.
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Figure 8 Typical plot of secant modulus against strain. Note the region 
of constant modulus, shown by the line at a value of 
approximately 215 GPa.
CONCLUSIONS
A series of cast iron pipes were tested to circumferential failure in four point 
bending, with various liner configurations. It was found that both interactive 
(semi-structural) liners examined were able to survive such a failure.
The failure strengths of the pipes were calculated using simple bending theory, 
using parallel axis theorem to compensate for observed asymmetry of wall 
thickness in the pipes themselves. These strengths showed variability, not 
unexpectedly for a nominally brittle material. There was no apparent effect of the 
liners on the strength values for either the un-notched pipes or the notched pipes. 
There was a weak correlation between increasing notch depth and decreasing 
failure stress.
For some pipes the secant modulus was plotted against the applied strain, in order 
to enable the Young’s Modulus of the cast iron to be determined. The value of 
the elastic modulus for the modem cast iron used in these tests was of the order of 
215 GPa, which compares well with expected values.
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ABSTRACT
The water industry has used renovation techniques to extend the life of its assets 
for a number of years, beginning with sliplining in the 1970s. These techniques 
have evolved with time and the use of an interactive liner, where the liner 
withstands only some of the service loads, with the remainder borne by the host 
main, is now an established concept.
Previous work by the authors has shown that along with the accepted gap- 
spanning and hole-bridging criteria, interactive liners are also capable of surviving 
a circumferential (or ring) failure event, as may be experienced by distribution 
mains under flexural loading. This paper describes work in which a lined host 
main, in an as-failed condition is subjected to deflections representative of those 
which may be seen in service following circumferential fracture.
The results of a scoping study suggested that fracture surfaces may experience 
both longitudinal and transverse displacements post-fracture, leading to tensile 
and shear displacements of the liner in the vicinity of the host main fracture. A 
series of experiments were carried out on cast iron host pipes that had been lined 
with a medium density polyethylene thin-walled liner. These lined pipes 
contained a simulated transverse fracture. The fracture plane was subjected to 
varying degrees of shear displacement (up to -50 mm) and longitudinal separation 
(up to -20 mm). The tests were carried out for host/pipe liner systems with a 
variety of longitudinal gaps. The pipes were held at a pressure of 10 bar for a 
period of approximately 12 days (-1,000,000 seconds) to allow creep deformation 
to take place. The ability of the liner to withstand such deflections over a period 
of time was hence determined.
The aim of the work was to show to what extent displacements such as those 
discussed above affect the behaviour of a liner under service conditions. The 
implications of the results of this work on the current design guidelines need 
further consideration. However, if the outcomes are favourable, and a whole life
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costing approach shows the merits of such techniques, this could lead to an 
increased use of interactive liners, with many potential benefits to both the water 
industry and the customer.
Keywords: Interactive Liner, Shear Testing, Mechanical Testing, Host Pipe 
Fracture.
INTRODUCTION
Thames Water has a network of some 32,000 km of potable water supply pipes, 
which consist mainly of various grades of cast iron. More than 50% of the 
network is over 100 years old. The majority of this network (some 80%) 
comprises pipes in the diameter range 75-300 mm, so-called distribution mains. 
Distribution mains commonly fail by circumferential (or ring) fracture 
predominantly as a result of bending loads applied either by movement of soil in 
some way, or by traffic loading, or some combination of these factors. A number 
of factors, such as in-pipe water temperature, soil type and the presence of traffic 
(Rajani and Kleiner (1), Lei and Saegrov (2)) are known to influence the 
occurrence of ring fractures. However, a full understanding of the precise 
interaction of physical and chemical phenomena that lead to circumferential 
failures in cast iron is yet to be developed. It is clear, though, that the effects of 
ring fractures can be significant, as shown in figure 1.
Figure 1 A burst water main in the UK.
Given the potentially costly, damaging, and even dangerous consequences of an 
event such as that shown above, it is advantageous if a water company can 
minimise the risks and impacts associated with ring fracture, since preventing the 
fractures themselves is not possible or practical, without replacing the entire 
network. The occurrence of ring fractures, or bursts, and the associated problems 
is related to the condition of the network. Water companies have a suite of 
options available that enable the functionality of the network to be improved; 
these are termed rehabilitation techniques. It is demonstrated in this work that 
such rehabilitation techniques have the potential to reduce the impact of burst 
events such as that shown above, provided proper guidelines and design
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approaches exist, with appropriate validation, both from a technical and a life 
cycle perspective.
Definitions for the terms rehabilitation and renovation are set out in the European 
standard BS EN 13689:2002 (3). Rehabilitation is ‘all measures for restoring or 
upgrading the performance of an existing pipeline system’. Renovation is ‘work 
incorporating all or part of the original fabric of the pipeline by means of which 
its current performance is improved. The standard also defines repair ‘the 
rectification of local damage’, maintenance ‘keeping an existing pipeline system 
operational without the installation of additional fabric’ and replacement 
‘rehabilitation of an existing pipeline system by the installation of a new pipeline 
system, without incorporating the original fabric’. The term rehabilitation, 
therefore, covers renovation, repair, replacement and maintenance. In this project 
it is the renovation techniques that are of interest. In industry, repair operations 
are typically carried out reactively, but by switching to renovation and operating 
proactively significant benefits to the company could be possible.
In practice, renovation normally involves the installation of some form of liner, 
typically a continuous one. The use of liners can have many benefits, depending 
on the liner. Non-structural liners, such as epoxy resin lining are used in order to 
combat water quality problems. Fully-structural liners (also known as 
independent pressure pipe liners (3)) are essentially a new pipe inserted within the 
existing pipe, and are defined as ‘a liner capable on its own of resisting without 
failure all applicable internal loads throughout its design life’. Semi-structural 
liners (also known as interactive pressure pipe liners (3), or interactive liners) are 
defined as ‘a liner which relies on the existing pipeline for some measure of radial 
support in order to resist without failure all applicable internal loads throughout its 
design life’, and offer most of the benefits of independent liners with a lower 
reduction in internal bore, and hence improved transport capacity. They also have 
lower materials content.
The use of interactive liners in the future may result in many benefits to the water 
industry. Any reduction in leakage could lead to a large reduction in the 
electricity consumption of a company, with a corresponding reduction in both 
greenhouse gas emissions and electricity costs. In practice, of course, leakage 
cannot be reduced to zero, however the benefits that are accrued do not arise 
solely from a reduction in leakage. Other benefits that might result fiom an 
increased take up of interactive lining are a reduction in the size, and extent, of 
streetworks, a reduction in the amount of excavation spoil sent to landfill and a 
reduction in the amount of water abstracted daily to supply the needs of 
customers.
It has been shown that if an interactive liner is supported by a host main, then the 
principal structural requirement placed upon it during its service life is the 
spanning of gaps and holes in the host main (Boot et al. (4,5)). Under the current 
design approaches (Boot et al. (4,5), Subterra (6)) the support of the applied 
internal water pressure, whilst spanning any gaps and holes within the main, is the 
design criterion of interest.
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Previous work by the authors (Crunkhom et al. (7)) has shown that interactive 
liners are not only capable of spanning existing gaps and holes but are also 
capable of surviving the strenuous physical conditions, and resultant mechanical 
loadings, that can occur during a ring fracture event, as shown in figure 2.
Figure 2 Photograph of a pipe with an interactive liner following a 
simulated ring fracture event. The liner showed no visible signs of 
damage as a result of host main failure.
This observation means that as well as being a tool for improving water quality 
and reducing leakage, it might, in the future, be possible to use interactive liners 
to minimise the risks associated with ring fracture. However, in order to enable 
the survival of ring fracture events to be allowed for in the existing design 
procedures for interactive liner installations, it is necessary to understand their 
behaviour during, and post, host-main failure more fully. Whilst it has been 
shown that some interactive liners are able to withstand ring fracture of the host 
main, it is not yet known how the liners will behave under conditions that may 
occur following ring fracture. This is the subject of the current paper.
Following host-pipe fracture, the liner becomes unsupported over a particular 
length, and is therefore able to undergo creep deformation and, potentially, to 
fracture. The unsupported length formed is related to the nature of the fracture, 
residual stresses within the cast iron host main and any post failure movement of 
the pipe fracture surfaces relative to each other. The creep properties of the liner, 
therefore, are of great importance. In the current work, a series of tensile creep 
tests were carried out on specimens taken from the liner. The purpose of these 
tests was to verify whether or not the mechanical behaviour of the liner is the 
same as the material for which design data exist. If the behaviour is similar then it 
might be possible to propose modified design approaches to accommodate service 
situations other than the gap- and hole-spanning criteria that are currently allowed 
for.
Following discussions with industry colleagues, it was decided that a shear 
movement of the two fracture surfaces is a relevant post ring fracture condition. 
A rig was subsequently designed and built to enable such shear displacements to 
be applied in a controlled fashion to lined cast iron pipes with a well defined 
initial post failure gap.
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EXPERIMENTAL METHODOLOGIES
Tensile Creep Testing
The aim of the creep tests on the liner material was to establish the equivalence 
between the material under investigation (Subcoil, an MDPE liner) and the MDPE 
liner (Rolldown) used by previous workers (Boot et al. (4)). The two materials 
are nominally identical medium density polyethylenes, made by the same 
manufacturer. Test temperature is a key variable in creep testing, since the creep 
properties of polymeric materials are strongly temperature dependent. In order to 
maintain consistency with work that had been identified in the literature (Boot et 
al. (4)) a temperature of 20 °C was specified for this work. However, due to 
external influences it was difficult to maintain the laboratory at this temperature 
accurately. Consequently, the average laboratory temperature was 23 °C.
A series of tensile creep tests were carried out to establish the constitutive 
behaviour of the polymeric liner. The tests were performed on standard ‘dog- 
bone’ test pieces, with a gauge length of 85 mm and a cross section of 10 mm x 3 
mm., machined directly from a section of liner. The tests were carried out on an 
Instron 5500R tensile testing machine. The samples were held at constant load 
and the subsequent extension with time was recorded.
Due to the relative stiffness of the machine and the polymer being examined, it 
was assumed that the cross-head extension of the machine was identical to the 
extension of the material. In this way a series of plots of extension as a function 
of time were developed for tensile creep behaviour at a range of stresses. The 
tensile stress values were selected both to correspond with the data available in 
the literature and to generate data at higher stress levels, such as may be seen in an 
interactive liner wall in service. The tensile stress values chosen were 12, 13, 14 
15, 17 and 19 MPa. Data were recorded throughout the tests by the test machine. 
Figure 3 shows a photograph of a specimen under test. The extension tended 
initially to occur at a particular point on the sample, but as the tests progressed it 
evened out across the specimen. This phenomenon occurred on all but the tests 
under the highest strain rates, corresponding to the highest loads.
Figure 3 Photograph of a creep specimen under test.
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Shear Testing of Lined Cast Iron Sections
As already indicated the principal aim of this work was to assess the behaviour of 
an interactive liner under conditions that may occur following host main ring 
fracture. In order to do this it was first necessary to determine a suitable loading 
configuration in which to carry out the tests. The configuration to be assessed 
was chosen in two ways. Firstly, discussions with industry experts were held, 
these not only identified possible loadings of interest, but also allowed for those 
experts to have an influence on which criterion was chosen, ensuring that the 
research had maximum industrial relevance. Secondly, a small-scale scoping 
study was carried out, to determine the extent of displacements that are found in 
field situations. The criterion chosen was a movement of the two simulated 
failure surfaces perpendicular to the pipe axis, whilst maintaining the longitudinal 
axes of the pipe in a parallel arrangement. This is referred to in the paper as a 
shear-type displacement and is represented schematically in figure 4.
Host Main
— 7 ^ ------
Interactive Liner
Figure 4 The ‘shear-type’ displacement used in this work, the specified
initial gap, between the two pipe halves was in the range 4-20 mm.
An initial series of 12 tests was carried out on sections of cast iron pipe of 100 
mm internal diameter. The pipes were manufactured specifically for this work, in 
order to maintain continuity with previous work (Crunkhom et al. (7)), in which 
the same arrangement was used. The simulated ring fracture was introduced prior 
to lining by taking a whole 1.8 m section of pipe and cutting it at the mid-section, 
using an angle grinder. On one pipe a sharp edge, or tang, was created by this 
procedure. It was decided to leave this in place, in order to gain some insight into 
whether such sharp edges influence post-failure liner behaviour. The lined pipes 
had a variety of gaps, ranging from about 4 mm to about 20 mm. In each case the 
pipe had a Linergrip end termination of the type typically used in the field 
attached to each end, to enable the pipe to be sealed. One end was sealed by 
applying a blank flange to one of the end terminations, the pipe was then filled 
and the other end sealed in the same way.
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Figure 5 Photograph of the purpose built test rig and general testing 
arrangement, prior to the application of any displacement.
During filling, the system was carefully vented, to ensure that all air was removed 
prior to pressurisation. A pressure of 10 bar was subsequently applied, in 
common with previous work (Crunkhom et al., (7)). After allowing five minutes 
for the pressure to stabilise a shear displacement was applied to the system, using 
the purpose built rig, shown in Figure 5. The rig works by using a 5 tonne bottle 
jack to raise a moving platform. One end of the pipe is clamped to this moving 
platform, using in-built clamps. The other end of the pipe is clamped to fixed 
clamps attached to the base of the rig. In order to prevent any rotational forces 
twisting the moving platform, it is guided by runner bearings along two vertical 
steel plates. In this way a true shear displacement is applied.
Displacement was applied in 5 mm increments every 5 minutes, representing a 
nominal rate of displacement of 1 mm m in '\ again maintaining consistency with 
previous work(7). An accurate displacement was ensured by adjusting the 
position of a mechanical stop such that the pipe could rise only to the position of 
the stop and no further.
This routine of displacing the pipe and subsequently holding it in position was 
continued until either the liner failed (began to leak) or the required maximum 
displacement (50 mm) was reached, at which point the displacement was held at 
pressure until either the pipe failed, or the time limit for the tests was reached. 
For the tests reported here, a displacement of 50 mm was used, which is 
equivalent to about half the internal diameter of the cast iron host pipe concerned. 
A time limit of about 12 days (one million seconds) was imposed on the tests, 
since due to the nature of the rig, the tests have to be run consecutively rather than 
in parallel.
The tests were recorded on video and photographed.
RESULTS AND DISCUSSION
Tensile Creep Testing
During the testing work on the MDPE liner specimens, deformations of up to 500 
% were experienced, this fitted well with observations made by Boot et al. (4), in
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their work. Figure 6 shows three specimens. The left hand specimen is un-tested, 
the middle one was removed approximately halfway through a test and the third 
has failed. The specimens shown were subjected to a stress level of 14 MPa.
Figure 6 Three tensile creep specimens, at varying stages of deformation.
From undeformed, left, through to deformed to failure, right. The 
ruler in the centre of the picture is 30 cm long.
The data from the tests were subsequently plotted on a graph of linear strain (%) 
against the natural log of the time in seconds. This allowed direct comparison 
with the literature data (Fig. 8). Figure 7 shows a typical set of data from the 
testing. One difficulty that arose during the comparison was in comparing the two 
plots of strain against In time (s). The data from the work by Boot et al.{A) 
suggest that the initial strain, the elastic component is applied instantaneously at 
the start of the test. In fact the visco-elastic response of the material to applied 
strain means that this is unlikely to be the case. These difficulties have made a 
direct comparison difficult, however the behavioural trends are correct and hence 
it has been assumed that the two materials are similar.
—  14-E mod
—  14-F mod
.£ 30
20  -
2 3 4 61 5 7 8
In time (s)
Figure 7 Graph showing the creep behaviour of the MDPE studied. The
data were recorded at 14 MPa at 23 °C.
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Comparing figures 7 and 8 it can be seen that in the elongation region represented 
at the relevant stress level the behaviour of the two sets of material are similar, 
leading to the observation that the two materials exhibit comparable behaviour. In 
principle therefore, it should be possible to use the creep data, coupled with the 
existing design curves, to derive a design curve for performance under shear 
conditions. Although clearly great care would be required to ensure that the data 
were gathered at the same temperature.
nom inal s tre s s  level(MPa) 15 14.5 13.5
? 3 0
I  20
ln(time;seconct)
Figure 8 Graph showing the creep behaviour of the MDPE studied by Boot 
et al. at 20 “C (after Boot et al (4))
Shear Testing of Lined Sections
The tests on lined sections were short-term tests to failure, the displacement was 
applied over a period of about an hour and subsequently held for 1 million 
seconds (12 days), to allow time for a regime of creep behaviour to be established. 
The majority of the tests carried out reached the target displacement of 50 mm and 
were then held at pressure for at the allotted time, before being dismantled. In 
general, if the liners survived the initial application of the deflection then they 
survived the entire test. However in three cases, the pipes had sharp re-entrants, 
or tangs, and these precipitated premature failure during the application of the 
displacement. It is thought that the tests are a worst case scenario loading, since 
in the field, if such post-failure displacements do occur, it will be over a number 
of months or years, rather than of minutes. In the case of the re-entrant points that 
precipitated early failure, the experience of the authors, in a previous part of this 
study, suggests that sharp points, of the type that caused the early failures are not 
normally formed by a typical ring fracture event. The causes of these features 
were thought to be due to the manufacturing process used to make the cast iron 
pipe and also the lining procedure adopted, which was necessarily modified, due 
to the pipes being lined above ground, and the need to have a simulated ring 
fracture. Previous work carried out by Boot et al. (5) demonstrated that under the 
accepted gap spanning and hole bridging criteria, the presence of sharp edges (or
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tangs as they are termed in that work) does not have an appreciable effect on liner 
performance in either the short or long-term. However the results of this work 
indicates that under other criterion such sharp edges may be of importance and 
hence the likelihood of their occurrence and extent in the field should be a focus 
of future research effort.
Figure 9 shows a pipe under test, it can be seen that even under severe levels of 
deflection the liner is still able to withstand the pressure and thus to hold water.
Figure 9 Photograph of a test. Liner external diameter 100 mm. The initial
gap between the two halves of the host pipe prior to the test was ~ 
18 mm.
Based on the results obtained, we observe that one possible future application for 
such interactive liners may be found in regions of seismic activity. During an 
earthquake the region near the epicentre experiences large shockwaves and it is 
unlikely that much buried infrastructure will survive intact. However, in more 
remote areas, there is a good chance that any pipes that have been lined might 
well experience some form of ring fracture, but that the interactive liner will be 
able to withstand the event. Therefore such liners could help to maintain vital 
water supplies during a critical period.
CONCLUDING REMARKS
Accurate knowledge of the structural performance of interactive pipe liners is 
potentially of great benefit to the water industry, since there are significant 
potential cost and environmental benefits to be obtained by their use. At the 
moment the behaviour of liners under static service conditions, such as gap- 
spanning and hole-bridging is well understood. However there is a gap in the 
knowledge of liner behaviour under conditions that occur post host-main fracture. 
In earlier work it was shown that interactive liners are able to survive a ring 
fracture of the cast iron host main. The aim of the current work has been to 
extend this by considering conditions that may occur following ring fracture.
In order to consider such conditions a series of other mechanical testing work has 
been carried out. Firstly, a series of creep tests were undertaken on samples of 
MDPE taken from pipe liners. These showed that the mechanical properties of 
the polymer studied are in reasonable agreement with values previously reported 
in the literature. Secondly, a series of tests were carried out on failed cast iron
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pipe sections, lined with Subcoil. These tests showed that the material is able to 
withstand significant lateral deflections (in the order of 50 mm) for a significant 
time period. This observation has two implications. The first is that if liners are 
able to survive both ring fracture and subsequent displacements, they can be 
considered for use in regions where there is a high burst incidence. The second is 
that it is implicit, if the liners can survive both ring fracture and subsequent short­
term shear displacements, that such liners may also be of use in the overseas 
business of Thames Water, particularly in seismic areas.
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